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ABSTRACT 
The self-assembly of polymers into thin, crystalline lamellar sheets is of interest in the 
fundamental understanding of the properties of these materials.  This research is a fundamental 
thermodynamic study of the self-assembly of these lamellar crystals.  Our group has successfully 
developed a new synthesis method to grow lamellar crystals of silver alkanethiolates (AgSCn) on 
inert substrates with a precise control of the number of layers.  The new vapor phase synthesis 
method systematically changes the amount of silver and the annealing temperature to grow 
monodisperse lamella with specific number of layers.  Together with our unique capability to do 
thermal analysis of nanoscale systems using the nanocalorimetry (NanoDSC) technique, the size 
dependent melting and effects of layer stacking in AgSCn lamellar crystals are investigated. 
For single layer lamella, discrete change in the lamellar thickness is achieved by 
changing the alkanethiol chain length.  Nanocalorimetry results show size-effect melting which 
follows an inverse linear relationship with the lamella thickness.  The discrete thickness change 
leads to a discrete change in the melting point.  This behavior is analogous to magic size melting 
observed in 3D metal nanoparticles. 
Layer-to-layer stacking significantly changes the melting behavior of the lamellar 
crystals.  There is a large increase (ΔT=23K for AgSC7) in the melting point between a 2-layer 
and a 1-layer crystal.  There is also a large odd/even alternation  in the melting point for the 2-
layer crystals which is not observed for the 1-layer crystals.  This odd /even effect persists for all 
stacked  lamella.  These results unambiguously establish that this odd/even effect is an effect of 
layer-to-layer stacking.  These results indicate that 1-layer (unstacked) crystals of other lamellar 
crystals such as alkanes may not show an odd/even effect.  Previous studies on alkanes have used 
multilayer stacked samples.  
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A multi-variable phenomenological model for the melting of layered lamella is 
developed.  In this model, the total excess free energy of the system is divided into the 
contributions from different spatially separated segments of the AgSCn lamella; the surface, 
interlayer interface and the central plane.  The model shows a significant difference in the 
interfacial free energy between odd and even AgSCn which explains the large odd/even effect in 
melting.   
 Understanding these lamellar systems has implications in the study of biological 
membranes which are self-assembled lipid bilayer lamella.  A new small volume capillary-based 
liquid calorimeter with fast heating rates is developed.  This new device is used in the study of 
the phase transitions of a model lipid bilayer vesicle and several proteins in solution.  Anomalous 
multiple peaks in the phase transition of the vesicle are observed at fast heating rates.      
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CHAPTER 1 
INTRODUCTION 
This work is a fundamental thermodynamic study of the melting of self-assembled 
materials at the nanoscale.  A study like this is necessary to understand size-dependent properties 
of materials.  It is well-known that there is a significant deviation from bulk properties as the size 
of materials decreases to the nanoscale.  One important deviation from bulk properties is the 
large depression of the melting temperature.  This size-effect melting phenomenon has been 
predicted in the seminal work of Gibbs and Thomson[1] and first observed in metal 
nanoparticles.[2] The same size-effect melting has also been observed in organic materials for 
lamellar crystals of alkanes[3] and polyethylene[4] where the thickness of the lamella is in the 
order of nanometers.  Although there are significant differences between these systems, metals 
vs. organic and 3D particle vs. 2D lamella, the fundamental thermodynamic phenomenon that 
results in a size-dependent melting point is common to both systems. 
Recently, significant interest has been given to self-assembled systems.  Perhaps the most 
extensively studied is the self-assembly of a monolayer of alkanethiol on a metal surface such as 
gold and silver.[5-7] Understanding the thermodynamics of systems that self-assemble into 
nanoscale structures (thin films, lamella, clusters, etc) will provide insight into their fundamental 
behavior.  This may lead to the development of more controlled synthesis and growth methods or 
may allow for engineering of these structures with specific properties. 
Although the reaction between gold and alkanethiol to form either a 2D self-assembled 
monolayer (SAMs) or a 3D monolayer protected cluster (MPCs) is more well-known, interesting 
products are actually formed when silver is used as the base metal.  Previous works from our 
group have established different reaction products between Ag and alkanethiol when the amount 
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of Ag is changed.  One of the unique products observed is the lamellar crystal of silver 
alkanethiolate formed from the reaction between small clusters of Ag with alkanethiol.  The 
schematics of the different reactions between silver and alkanethiol are shown in Figure 1.1.  
1.1. Silver Alkanethiolate and Nanocalorimetry 
Silver alkanethiolate (AgSCn) is a bilayer lamella composed of a central plane network 
of Ag-S atoms on which fully extended alkyl chains are attached on both sides.  This has been 
previously synthesized from a solution-based method using the reaction of silver salts (AgNO3) 
with alkanethiol in a basic solution.[8]  The multilayer lamellar crystals form as precipitates.  
Our group has developed a synthesis method that directly grows AgSCn lamella on different 
substrates using the reaction between small clusters of Ag with alkanethiol vapors.[9] 
In this work, we combine two unique capabilities developed in our group which allow us 
to do a systematic study of the melting of layered lamellar systems.  First, a unique thin-film 
nanocalorimetry technique is used. NanoDSC[10-12] is a chip-based, ultra-sensitive, fast 
scanning thin film calorimetry sensor that offers unique capabilities in the study of the melting of 
nanoscale materials.  The calorimetric cell is a free-standing SiNx membrane supported by a 
silicon frame at the edges as shown in Figure 1.2.  A patterned thin film of metal (Pt or Al) is 
used as both the heater and the thermometer.  The calorimetric cell has very low addenda which 
translate into a very high sensitivity device that can measure the small heat capacity changes 
from nanoscale materials (0.1 nJ/K sensitivity equivalent to the addition of one atomic layer into 
the device).  NanoDSC has been successfully used in the study of metal nanoparticles,[13-17] 
polymer thin films,[18-20] and self-assembled monolayers of metal-thiolate complexes (SAMs, 
MPCs and lamellar crystals of AgSCn).[9, 21] 
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Second, the development of a new synthesis method for AgSCn allows for the precise 
control of the number of layers in the final lamella product as shown in Figure 1.1.  This 
synthesis method uses two independent parameters to control the reaction; the amount of Ag and 
the annealing temperature.  This method allows the synthesis of monodisperse crystals of 1-layer 
and 2-layer AgSCn. 
Systematic study of the size-effect melting of layered lamella is achieved by changing the 
thickness of the lamella in two ways as show in Figure 1.3.  First, for single layer AgSCn, 
discrete changes in the thickness can be achieved by changing the chain length of the alkanethiol 
through the addition of one methylene (CH2) group.  Second, the controlled synthesis also allows 
for discrete addition of layers into the lamella.  Thickness changes are in multiples of the single 
layer thickness.  With this systematic study, the effect of layer-to-layer stacking can be 
investigated. 
These bilayer lamella structures have broad applications.  Polymers that contain a long 
alkyl chain crystallize into lamella.  Perhaps the most extensively studied and has a wide range 
of industrial application is polyethylene.  This also has implications in basic organic chemistry 
since the most basic compound, alkane, also crystallize into lamella structures.  More 
importantly, this can also have implications in biological studies since the basic component of 
biological membranes which are lipid-bilayers also form lamella structures as shown in Figure 
1.4.  Thus, thermodynamic insights into the behavior of lamella crystals will have broad 
implications in other fields of study. 
1.2. References 
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1.3. Figures 
 
 
 
Figure 1.1. The reactions between thermally evaporated silver and alkanethiols on surfaces 
form different products including 2D SAMs, MPCs and AgSR lamella.  AgSR 
forms when small clusters of Ag are completely consumed during the reaction 
with alkanethiols to form the bilayer structures.  Our new vapor synthesis method 
allows for precise control of the number of layers in the lamella by controlling the 
amount of Ag and the annealing temperature.  
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Figure 1.2. Schematic of the nanocalorimetry sensor. 
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Figure 1.3. Systematic study of size-effect melting is achieved by discrete changes in the 
thickness of the lamella either by changing the chain length of the alkanethiol or 
the number of layers.  
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Figure 1.4. Schematic of the bilayer structures in biological membranes which can be 
effectively viewed as thin bilayer lamella. 
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CHAPTER 2 
LITERATURE REVIEW: SILVER ALKANETHIOLATE (AgSCn) AND MODELS OF 
SIZE-EFFECT MELTING 
This chapter presents a review of related literature.  It includes the synthesis and 
characterization of AgSCn, comparison of the structure and melting characteristics to other 
lamellar systems such as alkanes and polyethylene and previously proposed models for size-
effect melting including the Gibbs-Thomson and Pawlow models for the melting of metal 
nanoparticles and the models of Lauritzen, Hoffman and Weeks (LHW) and Hohne for the 
melting of layered lamella.   
2.1. Silver Alkanethiolate (AgSCn) 
2.1.1 Synthesis 
Dance and coworkers[1] first reported the synthesis of large multilayer lamellae of 
AgSCn through a precipitation reaction between alkanethiol and silver salts in basic solutions.  
Silver nitrate (AgNO3) in acetonitrile is added to a solution of the alkanethiol and triethylamine.  
Precipitates of AgSCn ranging from colorless to light yellow in color are separated from solution 
and then dried under vacuum.  These precipitates are insoluble to common solvents except for 
hot toluene.  Other groups have followed this solution synthesis method with minor 
modifications including recrystallization of the precipitates from a hot toluene solution,[2] 
vigorous stirring during the precipitation reaction[3] and use of toluene as the primary solvent.[4] 
All these synthesis procedures yield multilayer lamellae of AgSCn. 
Prior work in our group has directly grown AgSCn on inert substrates.[5] This synthesis 
method uses the direct reaction of thermally evaporated silver on different substrates with 
alkanethiol.  Thermal evaporation is used to deposit Ag clusters (equivalent thickness of 2-5 Å).  
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These clusters are then exposed to the alkanethiol either in ethanol solution or directly in the 
vapor phase for at least 2 days.  This is followed by thermal annealing to at least 110 
o
C under 
high vacuum (base pressure = 1.0 x 10
-7
 Torr).  The final product consists of large multilayer 
crystals of AgSCn.  Directly growing these crystals on different substrates made new 
characterization techniques possible including AFM and nanocalorimetry. 
2.1.2. Characterization: AgSCn Structure 
Each AgSCn lamella is a bilayer ribbon-like structure composed of a central plane 
network of Ag and S atoms with alkyl chains on both sides as shown in Figure 2.1.  The structure 
of the Ag-S network in the central plane remains controversial.  In Dance’s proposed structure, 
the Ag-S atoms form a hexagonal network in a trigonal coordination where the S atoms are on 
both sides of the Ag plane.[1]  This model satisfies the requirement of a rigid and thin central 
plane.  On the other hand, Fijolek and coworkers proposed a slightly different structure for the 
Ag-S central plane based on solid-sate NMR studies of AgSC4.[6]  They observed two different 
Ag
+
 environments in the trigonal configuration.  They proposed a distorted hexagonal network 
where there are two distinct Ag environments.  The Ag-S coordination is still trigonal but the 
distances between Ag-S are different. 
The alkyl chains on both sides of the Ag-S central plane are in a fully-extended all-trans 
configuration.  Bensebaa reported a high degree of conformational order evident from FTIR 
measurement of AgSCn powders.[4]  The positions of the C-H stretching peaks are used to 
determine the degree of all-trans conformation.  For AgSCn, the symmetric (d
+
) and anti-
symmetric (d
-
) CH2 stretching peaks are at 2847±1 cm
-1
 and 2916±1 cm
-1
, respectively.  These 
are consistent with values from well-ordered all-trans n-alkanes and polyethylene crystals.  For 
disordered systems with a higher percentage of gauche defects (such as liquid alkanes), the CH2 
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stretching peaks are in higher wavenumbers (d
+
= 2856 cm
-1
 and d
-
= 2928 cm
-1
).  In fact, these 
large differences in the position of the CH2 stretching peaks can be used to determine the phase 
transition using temperature dependent IR spectroscopy.[7] 
In Dance’s proposed structure, the alkyl chains are oriented perpendicular to the central 
plane.[1]  However, this proposed structure is later modified by Bensebaa and coworkers based 
on a detailed study of the lamellar thickness measurements from XRD.  When changing the 
length of the alkyl substituent (changing the number of carbons in the alkanethiol), two CH2 
groups are added to the lamellar thickness (one on each side).  For an untilted chain such as those 
in alkanes and polyethylene, this thickness contribution has been reported to be 2.54 Å.  For 
AgSCn, Bensebaa found a change of 2.48 ± 0.02 Å which indicates a tilt of 12 ± 3º relative to the 
central plane normal.[4]  However, these analyses contain both odd and even chains which can 
skew the linear fitting.  In this work, the data will be treated separately and a more accurate 
calculation of the tilt angle will be presented in later sections. 
The intralayer structure of the alkyl chains is not well-known although an ordered lattice 
of neighboring CH2 groups has been proposed by Dance.  This model comes from the analysis of 
the wide-angle sharp reflections, aside from the lamellar peaks, found in the powder XRD data 
which are associated with the internal ordering of the alkyl chains in the layer.  Dance proposed a 
monoclinic lattice with dimensions that are determined by the Ag-S bonding geometry and the 
thickness of the lamella.[1]  However, this idealized model is highly symmetric and can be 
further modified by distortions in the Ag-S bonding network as has been proposed by Fijolek for 
AgSC4.[6]  A more detailed crystallographic study using a more powerful x-ray diffraction 
measurement of pure single crystal AgSCn is needed to generate a more accurate crystal 
structure. 
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2.1.3. Melting of AgSCn 
The melting of multilayer AgSCn synthesized from solution has been previously studied 
using conventional DSC.[2-4, 8] The melting temperature is in the range of 131-138
 o
C which is 
significantly higher than alkanes with an equivalent chain length.  For example, Voicu reports 
the melting temperature of AgSC12 at 131.8 
o
C which is significantly higher than C12 which 
melts at -9.6 
o
C.[8]  Interestingly, AgSCn melts at a comparable temperature as lamellar sodium 
alkylphosphonates, Na(HO3PCnH2n+1) which melts between 131-141 
o
C.  Both systems contain a 
strongly bonded central plane network which increases the melting point. 
The melting transition in AgSCn is due to the order-disorder phase transition in the alkyl 
chain backbone of the lamellar structure.  This ordered alkyl chain arrangement is due to the 
strong van der Waal’s interaction between adjacent alkyl chains.  Baena proposed that this 
transition is from a lamellar smectic A to a micellar phase.[3]  The enthalpy of melting is thus 
comparable to other lamellar systems that contain the same alkyl chain backbone.  Levchenko[2] 
reports a molar enthalpy of 4.0 ± 0.5 kJ/mol CH2 which is comparable to that of lamellar 
polyethylene (4.1 kJ/mol CH2).[9] 
Nanocalorimetry studies on multilayer AgSCn grown on SiN substrate have been 
previously done in our group.[5]  The melting temperature and enthalpy are consistent with 
reported values using conventional DSC.  This work extends the nanocalorimetry measurements 
for AgSCn with different number of layers and chain lengths.     
2.2. Other Lamellar Systems: Alkanes and Polyethylene 
2.2.1. Structure 
The structure of AgSCn is analogous to that of lamellar alkanes and polyethylene which 
contains long alkyl chains that serve as backbones to the ordered lamellar structure.  Schematics 
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of the lamellar structures of alkanes, polyethylene and AgSCn are shown in Figure 2.2.  It will be 
instructive to compare the melting behavior of AgSCn to these systems which have been 
extensively studied.[9-12] 
The structure of lamellar polyethylene is composed of two distinct segments, the 
crystalline and fully-extended all-trans alkyl chain backbone, and the amorphous fold region 
composed of CH2 groups in the gauche conformation. The lamellar thickness, measured from 
XRD and SEM studies, only accounts for the ordered alkyl chains and do not include the 
thickness of the fold region.[13]  The alkyl chains are not tilted relative to the basal plane 
surface. The C-C-C distance (thickness increase due to the addition of 2 CH2 groups) is well 
known from diffraction analysis and has a value of 2.54 Å.[12]  There is no registration between 
layers since only the disordered amorphous fold regions are mated at the interface.   
The structure of AgSCn is perhaps more analogous to that of lamellar alkanes although 
significant differences are present.  Lamellar alkanes contain a fully-extended all-trans alkyl 
chain backbone.[12, 14]  There is a high degree of crystallinity within the lamellar layer due to 
the strong van der Waal’s interaction between adjacent chains.  It contains a terminal methyl 
group at the lamellar surface which is the same as AgSCn.  There is also layer-to-layer 
registration at the interface due to the arrangement of the CH3 groups in one layer relative to the 
other layer when an interface is formed. The alkyl chains are also not tilted relative to the basal 
plane surface and thus the C-C-C distance is the same as that of polyethylene. The two 
significant differences between AgSCn and alkanes are the presence of the central Ag-S network 
and the tilt of the alkyl chain. 
The lamellar thickness of alkanes shows an odd/even effect due to the differences in the 
intra-layer structure of the alkyl chains.[12, 14]  Odd and even chains crystallize into different 
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lattice structures.  For odd chains, the predicted lamellar thickness, c, as a function of the number 
of carbons in the chain is c = 6.3 + 2.54(n-1) Å, whereas for even chains, c = 6.6 + 2.54(n-1) Å.  
This slight difference of 0.3 Å has a significant impact in the interlamellar packing for stacked 
multilayers which has been associated with the significant odd/even effect in the melting 
temperature.[15] 
2.2.2. Melting 
There is size-effect melting in lamellar alkanes and polyethylene as shown in Figure 2.3. 
The melting point scales with the inverse of the lamellar thickness represented as the number of 
carbons in the alkyl chain.[9]  This is consistent with models proposed by Lauritzen, Hoffman 
and Weeks[16-18] which will be discussed in detail in the next section.  Although the 
polyethylene samples used in Figure 2.3 are multilayer stacked lamella, the melting temperature 
depends only on the thickness of each individual layer.   
Measurement of the melting of single layer polyethylene is not trivial due to the difficulty 
in the synthesis of purely single layer crystalline lamella and the instrumentation needed for the 
measurement of the melting temperature. Nanocalorimetry measurement done in our group using 
single layer polyethylene shows the same melting temperature as multilayer samples with the 
same layer thickness.[19]  This indicates that each layer melts independently from each other and 
there is no dependence of the melting point to the number of layers in the lamella. This is due to 
the lack of inter-layer registration at the interface between two amorphous fold regions. 
For alkanes with lower chain lengths, there is a large odd/even alternation in the melting 
temperature as shown in Figure 2.4.[11]  The even chains melt at a much higher temperature than 
the odd chains.  Multilayer stacked alkane lamella is also used for this study.  This large 
odd/even alternation has been associated with the differences in the packing of the terminal 
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groups at the interface between layers.[15]  Single layer alkanes have not yet been grown 
successfully, so there is no available data on its melting characteristics.  Reports of “monolayer” 
alkanes on graphite are actually alkanes that are oriented parallel to the substrate surface but still 
stack (horizontally) and can be viewed as multilayer lamella due to the presence of end-to-end 
methyl group interaction at the interface.[20, 21] 
2.3. Models for Size-Effect Melting 
2.3.1. Metals 
Size dependent melting in metal nanoparticles is well-known.  Observations of this 
phenomenon have been reported from electron diffraction studies by Takagi[22], Coombes[23] 
and Buffat[24] where the loss of crystalline structure in the diffraction pattern when particles are 
heated is used to determine the melting temperature.  X-ray diffraction has also been used and 
yielded the same results.[25]  Calorimetry has been used for direct thermodynamic measurement 
of the melting point.[26-30].  Our group has studied size effect melting in nanoparticles of In, Al, 
Bi, and Sn using nanocalorimetry technique.[31-35]  
Although the experimental evidence only became available in the 1950’s, size-effect 
melting in 3D spherical particles has long been proposed from the seminal works of Gibbs and 
Thomson.[36]  They were the first to propose that the melting/freezing temperatures of finite-
sized particles would depend on their size (radius for 3D spherical particles).  For metals there 
are three widely used thermodynamic models to explain the observed size-effect melting. 
The original model proposed by Gibbs and Thomson (G-T model)[36] is shown 
schematically in Figure 2.5a.[37]  It uses the equilibrium between a solid particle with a finite 
radius and its bulk liquid (infinite size).  Both materials are surrounded by their common vapor.  
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The model predicts that the melting point is inversely proportional to the particle size given as 
follows: 
2
(1 )                                                                                                           (2.1)o sm
f
T T
H r

      
Where T
o
 is the bulk melting point, Hf is the heat of fusion, r is the particle radius and σs is the 
surface energy of the solid particle.  However, this simple relationship does not fit the 
experimental data well.  One criticism of the G-T model is that it is physically contradictory.  A 
solid particle of finite size cannot coexist with an infinite bulk liquid of infinite size since it 
contradicts the predictions of the model that a small particle will melt at a lower melting 
temperature than an infinite-sized particle.  Despite this limitation, the G-T model still 
establishes the qualitative relationship between the melting temperature and the particle size. 
In order to address the limitations of the G-T model, Pawlow[38] developed an 
alternative model which modified some of the aspects of the G-T model as shown in Figure 2.5b.  
In this model, one solid and one liquid particle are in contact with their common vapor.  The 
particles have equal masses but may not be necessarily of the same radius due to differences in 
the densities of the solid and liquid phases.  This model removes the physical contradiction of 
having an infinite liquid in the G-T model.  This approach is also called the triple point approach 
since only at this temperature can all three phases coexist.  Pawlow’s model yields the following 
relationship between Tm and the particle size: 
2
3
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Where T
o
 is the bulk melting point, ΔHm is the molar heat of fusion, r is the particle radius, vs and 
vl are the molar volumes of the solid and liquid particles and σs and σl are the surface energies of 
the solid and liquid particles, respectively.   
Another model proposed is the liquid-shell model originally developed by Reiss and 
Wilson.[39] This model shown in Figure 2.5c, is based on a particle with a solid core with a 
radius, r, surrounded by a thin layer of the liquid melt with thickness, l, and exposed to the vapor 
phase.  The corresponding relationship between Tm and particle size is as follows: 
2
1 1 1                                                              (2.3)o s sl s l lm
m s s sl s
v r v
T T
H r r l v
 

    
      
      
 
The variables are defined in the same way as in Pawlow’s model above with the additional terms 
for solid-liquid interfacial surface tension, σsl, and the liquid layer thickness, l. However, these 
additional quantities are difficult to measure. 
2.3.2. Layered Lamella 
Size effect melting has also been observed in layered lamellar crystals of polymeric 
materials with a long alkyl chain.[9, 11]  Polyethylene and alkanes are two of the most widely 
studied lamellar systems and the inverse linear relationship of the melting point to the lamellar 
thickness is well-known.  It is interesting that size-effect melting occurs in both metals and 
organic materials and 3D nanoparticles and 2D lamellar crystals.  It underscores the common 
thermodynamic phenomenon that governs the depression of the melting point as the size of the 
system decreases.   
For layered lamella of polyethylene and alkanes, size effect melting is well explained by 
the model proposed by Lauritzen, Hoffman and Weeks (LHW).[16-18].  This model is based on 
the changes in the overall Gibb’s free energy of the system due to the creation of a folded surface 
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compared to the inner bulk crystalline phase.  Only the excess free energy contributions from the 
planar lamella surface are taken into consideration since the contributions from the lamellar sides 
are significantly smaller.  The aspect ratio of this lamellar structure is huge; the lateral 
dimensions are significantly larger than the thickness (microns vs nanometers).  The relationship 
between the melting point and the lamellar thickness is as follows: 
2
1                                                                                                           (2.4)om
f
T T
H l
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 
 
Where T
o
 is the melting point of a bulk, infinitely thick lamella, Hf is the heat of fusion, l is the 
lamellar thickness and σ is a free energy parameter associated with the fold surface region.  The 
definition of σ is ambiguous.  This has been labeled “interfacial surface energy” but is not 
directly related to the measurable surface energy of the lamella from contact angle data.  Unlike 
in metals where this excess free energy term in the numerator is directly related to the surface 
energies of the solid or liquid particle, for lamellar crystals the excess energy comes from the 
contribution of the whole fold/surface regions.  For multilayer lamella samples used in the LHW 
analysis, this is related to the excess free energy due to the interface between layers.  
An alternative approach is provided by Hohne,[40] which represents the thickness as the 
number of carbons in the alkyl chain (ordered crystalline segment) and the “surface energy” as 
the excess Gibb’s free energy of the system.  The total molar enthalpy and entropy of the system 
can be expressed as follows: 
2
2
                                                                                             (2.5)
                                                          
n
mol CH excess
n
mol CH excess
H n H H
S n S S
   
                                          (2.6)
 
The excess enthalpy and entropy come from the contributions of the structures that are not part 
of the ordered crystalline network of CH2 groups in the alkyl chains including the surfaces, 
interfaces, etc.   
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For a first order phase transition, the change in the Gibb’s free energy is zero at the 
transition temperature which gives an expression for Tm using the enthalpy and entropy as 
follows: 
 2
2
                                                                                (2.7)
n
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m n
mol CH excess
n H HH
T
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 
 
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Taylor series expansion of the right side for 1/n = 0 and followed by algebraic 
simplification yield the following expression for the relationship between Tm and the number of 
carbons (n): 
2
1
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T T
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Where ΔGexcess = ΔHexcess - T
o
 ΔSexcess.  This expression is analogous to the LHW model shown 
in Equation 2.4. Hohne’s approach serves as the foundation of the phenomenological model 
developed in this work and will be discussed in Chapter 5 of this dissertation.    
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2.5. Figures  
 
 
 
Figure 2.1. The bilayer structure of AgSCn lamella composed of a central Ag-S network with 
fully extended alky chains on both sides.  The chains are tilted relative to the 
surface plane normal. 
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Figure 2.2. Schematics of the lamellar structures of alkanes, polyethylene and AgSCn. 
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Figure 2.3. Size-effect melting on lamellar alkanes and polyethylene from reported values.[9, 
11, 19] 
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Figure 2.4. Odd/even alternation in the melting of multilayer alkanes with low chain length.  
The even chains melt at a higher temperature than the odd chains. 
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Figure 2.5. Schematics of the different models used for the size-effect melting of metal 
nanoparticles. (a) Gibbs-Thomson Model, (b) Pawlow Model, and (c) Liquid-shell 
Model by Reiss and Wilson.  The schematics follow the published drawings by 
Barybin.[37] 
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CHAPTER 3 
SYNTHESIS AND CHARACTERIZATION OF SINGLE LAYER SILVER 
ALKANETHIOLATE LAMELLAR CRYSTALS 
This chapter presents the synthesis and characterization of 1-layer and 2-layer AgSCn.  
The new vapor phase synthesis method is discussed in detail highlighting the precise control of 
the number of layers in the final product.  This synthesis method together with the various 
characterization methods for the lamellar AgSCn crystals will be used for the results presented in 
the succeeding chapters. 
3.1.  Abstract 
We report the synthesis of silver-decanethiolate (AgSC10) lamellar crystals. Nanometer-
sized Ag clusters grown on inert substrates react with decanethiol vapor to form multilayer 
AgSC10 lamellar crystals with both layer-by-layer and in-plane ordering. The crystals have 
strong (010) texture with the layers parallel to the substrates. The synthesis method allows for a 
precise control of the number of layers. The thickness of the lamellae can be manipulated and 
systematically reduced to a single layer by decreasing the amount of Ag and lowering the 
annealing temperature. The single-layer AgSC10 lamellae are two-dimensional crystals and have 
uniform thickness and in-plane ordering. These samples were characterized with 
nanocalorimetry, AFM, TEM, XRD, XRR, FTIR and RBS. 
3.2.  Introduction 
Unique underlying intrinsic chemical and physical properties allow us to synthesize 
materials with special sizes and shapes. Examples in nature where special “magic” number sizes 
are favored include metallic and metal-organic clusters [1-4] as well as materials with special 
shapes such as two-dimensional (2D) crystals of graphene.[5]  
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Self-assembly of organic molecules with metals provides an exciting chemical synthesis 
path to systematically create these special sized and shaped materials  These new synthesis 
methods are already fostering new potential applications in the areas such as nanoelectronics,[6] 
luminescence,[7, 8] biocompatible surface and interfacial toughening.[9]  
Reaction between alkanethiols and metals forms one of the most extensively studied self-
assembly systems. Two specific reaction products are addressed in this work: alkanethiol-
monolayer-protected Ag clusters (MPCs) and silver-alkanethiolate (AgSCn). MPCs and AgSCn 
consist of the same elements but are different in stoichiometry and physical shape.  MPCs have 
relatively high Ag content and a convex shape, whereas AgSCn has a planar lamellar shape and 
unity stoichiometric ratio between Ag and S. The main thermodynamic driving forces for the 
self-assembly process include the bonding between metal and S, and the van der Waals 
interaction between alkyl chains.[10, 11] Both MPCs and AgSCn may be simultaneously present 
during the intermediate stages of formation. Both species may act as a precursor for each 
other.[12-14]  
MPCs with special sizes have been produced. For example, “magic” sized MPCs with 
exactly 102 gold atoms have been recently synthesized.[3] In this work we use this material 
system to produce special shapes and sizes of stacked layered polymeric AgSCn including 
single-layer 2D crystals of AgSCn. 
2D self-assembled monolayers (SAMs) with ordered arrangement are observed on 
nominally planar metal surface,[10, 15, 16] although the interfacial structures remain 
controversial.[17] Recent experimental and theoretical studies proposed new models for the 
interfacial structure – metal-thiolate complexes and polymeric metal thiolate.[18-20] AgSCn can 
be conceptually constructed as two layers of 2D SAMs stacked back to back. 
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MPCs can be considered as a metallic core with a metal-thiolate complex shell.[3, 21, 22] 
If the size of the metal cluster is large the properties of the MPC approach those of the 2D 
SAMs. If the size of the metallic core is reduced to a lower limit, then all of the metal atoms in 
the cluster are directly bonded to S.[23, 24] For long-chain molecules, in the case where 
stoichiometry is 1.0, alternative structures to the MPCs may be thermodynamically favorable 
such as polymeric metal-thiolate complexes. Metal-thiolates have multilayer structure, and each 
layer has a planar polymeric structure of –(Metal-S)– network as the central plane.[25-32]  
In our prior work, we developed a new method which generates two phases on inert 
surfaces – MPCs and AgSCn.[14] We deposited Ag onto inert substrates via thermal evaporation 
which then reacted with alkanethiol solution. Large clusters were coated with alkanethiol and 
form MPCs, while small clusters were more likely to transform into lamellar AgSCn. 
In this work, we modify the synthesis method in order to achieve only the AgSCn phase 
as the reaction product. Extremely small Ag clusters form on inert surfaces and then react with 
alkanethiol in the vapor phase[33] instead of liquid immersion. The thickness (the number of 
layers) of the formed AgSCn lamellar crystals can be controlled by adjusting the amount of Ag 
and the annealing temperature. This synthesis method allows for a precise control of the number 
of layers in AgSCn lamellar crystals.  
By limiting the average thickness of Ag to 0.1 nm, we obtain two-dimensional (2D) 
crystals consisting of single-layer AgSCn which is the ultimate lower limit to a 3D crystal form. 
Two-dimensional crystals hold a special place in nature. Until recently with the discovery of 
graphene in 2004, conventional wisdom held that a 2D crystal is thermodynamically unstable 
because of the reduced melting temperature of material at the nanometer scale – size-dependent 
melting.  From the technological standpoint the 2D crystal is the basic building block for self-
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assembly. It is where bottom-up assembly has its natural starting point. Here we describe the 
smallest unit of AgSCn lamellar crystal – a single-layer 2D crystal. This crystal is nearly free-
standing having a free surface at the top while the bottom interface with an inert substrate has 
extremely small interface energy. 
In addition, combined with the capability of changing the chain length, functionality of 
the head group, and metal type (Au, Ag, Cu, etc.), this synthesis method provides for a new 
platform for probing a wide spectrum of materials properties at the nanometer size range. 
3.3. Experimental Section 
3.3.1. Sample preparation 
Materials. Silver pellets (99.99%, Kurt J. Lesker Co.) are used as vapor deposition 
sources. 1-Decanethiol (C10H21SH) is obtained from Sigma-Aldrich Co. and used as received. 
Synthesis. We deposit Ag thin film onto inert substrates via thermal evaporation with a 
base pressure of 510-8 Torr. By depositing 0.06 – 0.6 nm thick Ag film, we obtain Ag clusters 
on the substrate surface. The samples are then placed in contact with the saturated decanethiol 
vapor at room temperature for 96 hours. After the reaction, the samples are thermally annealed in 
vacuum (10
-7
 Torr) for 24 hours. The heating rate is less than 10 deg/h and the cooling rate is less 
than 15 deg/h. 
Two parameters are critical to the crystal size of the final product: (1) the amount of 
deposited Ag, and (2) the annealing temperature (TAnn). We use the average thickness (lAg) of the 
deposited film as a convenient measure for the amount of Ag on surfaces. 
Substrates. The type of the substrate is determined by the instrumental technique used for 
the sample characterization. All of the substrates used here have inert surfaces. (1) The substrate 
in nanocalorimetry sensors is low-residual-stress SiNx membrane. Since both nanocalorimetry 
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and Rutherford backscattering spectroscopy (RBS) are used to estimate the amount of sample, 
both measurements are performed on the samples prepared directly on the nanocalorimetry 
sensors. In addition, double-side polished Si wafers coated with low-residual-stress SiNx film are 
used for Fourier transform infrared spectroscopy (FTIR) study. (2) Double-side polished Si 
wafers with native oxide have the advantage of low surface roughness and are used for atomic 
force microscopy (AFM) and X-ray studies to improve the accuracy of the crystals size 
measurements. (3) Carbon membranes on copper grids are used in the studies with transmission 
electron microscopy (TEM) for better imaging contrast. 
3.3.2. Sample Characterization 
Nanocalorimetry. There are two challenges in the calorimetric study of AgSCn lamellar 
crystals on surfaces: 1) the samples are thin (3 – 75 nm) and have a mass in the nano-gram scale 
(5 – 50 ng); 2) the size and shape of AgSC10 crystals are sensitive to the thermal treatment prior 
to the characterization. Due to the miniscule sample size, the calorimetric measurements are 
performed with nanocalorimetry,[34, 35] which has high sensitivity (~0.1 nJ/K) and ultrafast 
heating rate (~50,000 ºC/s).[2, 36-38] We use sensors with platinum metallization in this study 
and perform calorimetric measurements in vacuum (<110-7 Torr). The melting transition is 
characterized and is used to identify the materials on the surfaces. In addition, we obtain the 
amount of alkanethiolate by measuring the heat capacity of the sample ΔCp(T) (T=150 – 180 ºC) 
and dividing it with the specific heat of the sample which is assumed to be equal to that of 
alkane. The uncertainty is about 2 pmol. 
X-ray. X-ray diffraction (XRD) and X-ray reflectivity (XRR) studies are carried out on a 
Philips X’pert diffractormeter with Cu K (1.5418 Å) radiation. XRD is used to determine the 
layer spacing in multilayer AgSC10 lamellar crystals and to estimate the average lamellar 
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thickness by using Scherrer analysis. XRR is used to measure the thickness of mono-dispersed 
single-layer AgSC10 lamellar crystals on the surface. 
Atomic force microscopy. An Asylum MFP-3D AFM is used to investigate the 
topography of AgSC10 lamellar crystals on the substrate surface. Two methods are adopted for 
measurement of lamellar thickness. First, a histogram of the number of pixels as a function of 
height is plotted. The first peak in the histogram corresponds to the substrate surface, while the 
following ones correspond to the top surfaces of the AgSCn lamellae. Since AgSCn lamellae are 
orientated in parallel with the substrate surface, the distances between the substrate peak and the 
AgSCn peaks equal the thicknesses of the lamellae which are the products of layer thickness (d) 
and number of layers (n). The histogram can be used to determine both d and n. Second, the 
thickness of AgSCn lamellar crystals can also be obtained by measuring the step height at the 
edge of the crystals. AFM line scans that cross from the substrate to the top surface of the 
crystals are randomly selected. The measured step heights are then divided by the layer thickness 
to obtain the number of layers. 
AFM is also used to determine the total volume of AgSCn crystals on the surface. The 
density of AgSCn lamellae can be calculated based on the molecular model in which the alkyl 
chains are close-packed.[28] Therefore, the average surface concentration of AgSCn (mol/m
2
) 
can be calculated.  
Transmission electron microscopy. A JEOL 2010 TEM is used at 200 kV to study 
samples prepared on holey carbon membranes. Scanning transmission electron microscopy 
(STEM) mode is used to increase the image contrast. 
35 
 
Rutherford backscattering spectroscopy. RBS is performed on the samples prepared on 
nanocalorimetry sensors with 2 MeV He+ ion beam. The amount of Ag is obtained by simulation 
of the experimental spectra.[39]  
Fourier transform infrared spectroscopy. A Thermo Nicolet Nexus 670 FTIR is used to 
study the conformational order of the alkyl chains in AgSC10. Absorbance spectra are taken in 
the reflection mode with a freshly deposited Au mirror placed on top of samples. The spectral 
resolution is 1 cm
-1
. The signal-to-noise ratio is improved by averaging over 128 scans. 
3.4. Results 
3.4.1. Multilayer AgSC10 Lamellar Crystals 
Synthesis. To begin with, we will describe the synthesis of multilayer silver-
decanethiolate (denoted AgSC10) lamellar crystals. Sample M is prepared by depositing Ag (lAg 
= 0.63 nm) followed by exposing the substrates to decanethiol vapor for 96 hrs, and then thermal 
annealing (TAnn = 115 ºC). The experimental parameters and results are listed in Table 3.1. 
Nanocalorimetry, XRD, AFM, RBS and FTIR are used to characterize the reaction product.  
Calorimetry. Thermal analysis is an effective method to characterize the phase transition 
of materials. Thermal properties such as melting point (Tm) and latent heat of fusion (Hm) are 
useful in identifying and differentiating the phases that compose the reaction product. 
Nanocalorimetric studies have been reported on different alkanethiolates including 2D SAMs on 
planar metal surface,[14, 40] 3D SAMs in MPCs,[40] and AgSCn lamellar crystals grown on 
surfaces.[14] Thermal analysis of bulk AgSCn [26, 29, 41] and MPCs [42, 43] synthesized in a 
solution has been done using conventional calorimetry. Although the alkyl chains are the primary 
component attributed to melting, AgSCn melts at a much higher temperature (125 – 140 ºC) [26, 
29, 41]than alkyl chain monolayers (45 – 75 ºC).[40, 42, 43]  Therefore, the melting 
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characteristics can be used to distinguish the species of the reaction products. Figure 3.1a shows 
the results of Cp measurements. Values for the Tm = 131 ± 2 ºC and Hm = 30 ± 5 kJ/mol agree 
well with the values for bulk AgSC10 (Tm = 132 ºC and Hm = 32.4 kJ/mol) obtained using 
conventional calorimetry.[26, 41] Therefore we deduce that the majority of the reaction product 
is AgSC10. Only small amounts, if any, of MPC is present since we do not observe a melting 
transition at lower temperatures (< 70 ºC).[40, 42, 43] 
Composition. The overall stoichiometric ratio between alkanethiolate and Ag is 0.93 ± 
0.17 where the amount of AgSC10 (163 ± 10 pmol) is calculated from ΔCp values from Cp 
measurements and the amount of Ag (175 ± 20 pmol) is measured via RBS. We conclude that, 
most of Ag and alkanethiolate are in the AgSC10 phase where the stoichiometric ratio is equal to 
unity. 
Structure. To better understand the structure of the AgSC10 crystals grown on the 
surface, we use XRD and AFM for further characterization. AgSC10 forms lamella where the 
lateral dimension (micron scale) is much larger than the thickness dimension (nanometer scale). 
The molecular model of AgSCn lamella shows two levels of ordering: (1) layer-by-layer 
ordering – the formation of multilayer structure; (2) in-plane ordering – the ordered packing of 
alkyl chains inside each single layer of AgSCn crystals.[25-28, 30, 31] 
Layer-by-layer ordering. XRD diffractogram of Sample M (red curve in Figure 3.1b) 
clearly shows a series of diffraction peaks attributed to the “lamella reflections” of a multilayered 
structure. Indexing the diffraction peaks indicates that the layer spacing is 2.99 ± 0.01 nm, which 
agrees well with the reported values for AgSC10 bulk samples.[31, 41] Note that the intensity of 
the (0k0) diffraction peaks “oscillates”: the even numbered peaks ((020), (040), (060), etc.) are 
weaker than expected as compared to the odd numbered peaks ((010), (030), (050), etc.). This 
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intensity oscillation has also been observed on bulk samples [28, 41] and is due to the presence 
of mirror symmetry elements which are perpendicular to the layer stacking direction.[44]  
AFM micrographs of Sample M also demonstrate the formation of multilayer lamellae 
which is evidenced by clearly defined steps, as shown in Figure 3.1c. The AgSC10 crystals have 
strong (010) texture with layers parallel to the substrate surface. The total thickness of these 
multilayer lamellae extends up to 75 nm (~25 layers). The average crystal thickness estimated by 
AFM analysis is equivalent to 8.5 layers which is close to the value of 11 layers as determined 
using Scherrer analysis of XRD results. 
We note that the AgSC10 phase forms during the reaction between Ag clusters and 
alkanethiol prior to any subsequent annealing. Thermal annealing only promotes the AgSCn 
crystal growth. For comparison, another sample (Sample N) is prepared in a similar manner (lAg 
= 0.63 nm) as Sample M but with a different annealing temperature (TAnn = 20 ºC). XRD study 
(blue curve in Figure 3.1b) also shows diffraction peaks corresponding to multilayer AgSC10. 
However, the peaks are much broader as compared to those of Sample M, which is expected 
since the crystals in Sample N are smaller. Estimates using Scherrer analysis indicate the average 
crystal size increases from 2.3 (Sample N) to 11 layers (Sample M) during annealing. 
In-plane ordering. We note that XRD only shows the lamellar reflections [44](the layer-
by-layer ordering) but doesn’t show diffraction peaks which could be used to determine the 
structure inside each AgSC10 layer (in-plane ordering). Observable diffraction peaks are absent 
because the sample is thin (~30 nm on average) and the intensity of the X-ray source is not 
strong enough. Nevertheless, in-plane ordering can be deduced from AFM micrographs (Figure 
3.1c) which show distinct characteristics of single crystals – straight facets, smooth surfaces and 
terraces. These characteristics indicate that the alkyl chains are packed in an ordered structure 
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inside each single layer. In addition, FTIR spectrum (green curve in Figure 3.1d) reveals that the 
symmetric (d+) and antisymmetric (d-) stretching modes of methylene group (CH2) occur at 
2847.0 ± 1.0 and 2915.5 ± 1.0 cm
-1
 and are consistent with those of AgSC10 bulk samples.[31] 
Since the peak positions are sensitive to the conformational order, we conclude the alkyl chains 
are fully extended inside the AgSC10 lamellar crystals.  
The nanocalorimetry, XRD, AFM, and FTIR results demonstrate that the reaction 
between Ag clusters and alkanethiol vapor is an effective method to synthesize AgSCn lamellar 
crystals. Initially, the crystals are small but can grow into large single crystals during thermal 
annealing.  
3.4.2. Systematically Reducing Layer Number of AgSCn: Size Control 
We synthesize AgSC10 lamellar crystals with progressively smaller thickness, i.e. less 
number of layers (n), by adjusting two processing parameters: the amount of Ag (lAg) and the 
annealing temperature (TAnn). Table 3.1 describes a series of experiments where we 
systematically decrease the size of the crystals from 11 layers down to 1 layer.  
Figure 3.2 shows the number of layers for Sample A – E using AFM height histograms. 
For example, in Sample A, there is a mixture of three different crystal sizes (3, 4 and 5 layers). In 
contrast, in Sample E only one crystal size (1 layer) is present. All of the AFM analysis hereafter 
has been corrected for artifacts caused by residue (excess alkanethiol) on the substrate, which 
will be detailed in the discussion section of the paper. The amount of correction is annotated in 
each histogram as an offset in the substrate peak. 
Cluster size and density. Control of AgSCn size (number of layers) is coupled to the 
control of the initial Ag cluster size and cluster density. The size of Ag clusters is directly related 
to the amount of Ag deposited onto the surface. Figure 3.3 compares two as-deposited samples 
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with different amount of Ag. Figure 3.3a shows TEM micrograph of Sample N (0.63 nm) which 
has a density of 3.3 × 10
4
 clusters/μm2 with a median diameter (dcluster) of 2.9 nm (Figure 3.3c). 
In comparison, Figure 3.3b shows Sample E (0.13 nm) with a lower amount of Ag which has a 
density of 2.3 × 10
4
 clusters/μm2 with a median diameter of 1.3 nm (Figure 3.3d).  
Stoichiometry. The stoichiometric ratio between alkanethiolate and Ag in the AgSCn 
phase is near unity for all samples. The ratio is 1.0 when the amount of Ag is below 0.25 nm and 
thus all of the Ag is consumed in the reaction forming AgSCn, whereas for larger amounts of Ag 
the stoichiometry decreases slightly (~0.90). Stoichiometry is determined from the amount of Ag 
obtained with RBS (Figure 3.4a) and from the amount of AgSCn obtained from AFM. The 
stoichiometry of Sample A – G is plotted in Figure 3.4b. For clarity, the values are also plotted in 
terms of the equivalent uniform thickness of Ag.  
3.4.3. Nearly mono-dispersed 2-layer AgSC10 lamellar crystals 
AFM: mono-dispersed. The two-dimensional (2D) and three-dimensional (3D) AFM 
micrographs of Sample C are shown in Figure 3.5a and b, respectively. The red area corresponds 
to the substrate surface while the yellow platelets correspond to the AgSC10 crystals which are 
distributed over the entire surface. The AFM histogram (Figure 3.2c) indicates that the AgSC10 
lamellar crystals have nearly uniform thickness (number of layers), i.e. about 95% of the crystals 
have two layers while about 5% have one layer.  
XRD: multilayer structure. The X-ray diffractogram of Sample C is shown in Figure 3.5c 
(blue curve) and compared with that of multilayer crystals (red curve, redrawn from Figure 
3.1b). The peak positions are consistent with each other, except that the first peak (010) is 
slightly shifted toward a lower angle. This shift is a result of the convolution of the X-ray 
reflectivity and diffraction signals. Layer spacing determined from the (020) and (030) 
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diffraction peaks is 2.98 ± 0.10 nm which is the same as the layer spacing of the multilayer 
AgSCn.  
AFM: thickness. The layer spacing of Sample C can also be obtained using the AFM 
height histogram. The difference between the heights of 1-layer and 2-layer crystals is 3.1 ± 0.1 
nm which is consistent with the XRD layer spacing (2.98 ± 0.10 nm). We can use this 
differential height analysis method because a few (5%) 1-layer crystals are available as an 
internal height reference. Values for the peak height are shifted by 0.36 nm as shown in Figure 
3.2c. In addition, individual AFM line scans (annotated by the blue arrows in Figure 3.5a) that 
cross from the substrate to the top surface of the crystals are analyzed. Figure 3.5d shows an 
average over 30 line scans. The height scale has been corrected for the shift in baseline similar to 
the height histogram.  
FTIR spectrum (blue curve in Figure 3.1d) reveals the peak positions of d+ and d- modes 
are the same as those of multilayer samples and indicates high conformational order in the alkyl 
chains. 
3.4.4. Mono-dispersed single-layer AgSC10 lamellar crystals 
Single layer. The AFM micrographs of Sample E shown in Figure 3.6a and b indicate the 
presence of AgSCn crystals of only one layer. As the number of layers in the multilayer AgSCn 
crystals decreases the diffraction peaks become weaker and broader, as is evident in the case of 
nearly mono-dispersed 2-layer AgSC10. Predictably, if the lamellae consist of only one single 
layer, the diffraction peaks vanish. Indeed, we do not observe the series of diffraction peaks in 
this single-layer sample.  
Thickness: XRR. However, we can use X-ray reflectivity to study the thickness of this 
single-layer structure. The experimental result is shown as blue curve in Figure 3.6c. In order to 
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evaluate this XRR result we use a molecular model for AgSCn which consist of a –(Ag-S)– 
central network with alkyl chains extending on both sides (Figure 3.6c).[25, 26, 28] We obtain 
an excellent fit using this three-slab model as shown in Figure 3.6c. The top and bottom slabs of 
alkyl chains are 1.44 nm and 1.25 nm thick, respectively, and the central –(Ag-S)– network is 
0.28 nm thick. The total thickness of this AgSC10 single layer is 2.97 ± 0.10 nm, and is 
consistent with the layer spacing determined for multilayer crystals via XRD. AFM line scans 
(Figure 3.6e) that cross from the substrate to the top surface of the platelets are randomly 
selected on the entire sample surface, as annotated by the blue arrows in Figure 3.6a. 
As expected, decreasing the amount of silver to smaller values (0.06 nm), we still obtain 
only single-layer AgSCn crystals. Figure 3.7 compares AFM micrographs and height histograms 
of single-layer AgSCn samples obtained by using different amount of Ag. The amount of AgSCn 
varies proportionally as well as the surface coverage on the substrate. 
AFM, TEM, and FTIR: in-plane ordering. FTIR spectrum (red curve in Figure 3.1d) 
indicates high conformational order in the alkyl chains similar to the multilayer crystals. These 
1-layer lamellae grow into ultra-large crystals on carbon membranes as shown in Figure 3.6f. 
Faceting is even more pronounced (up to 3 m) in these samples.  
3.5. Discussion 
3.5.1. Formation of AgSCn lamellar crystals 
The synthesis of AgSCn crystals via the reaction between Ag clusters and alkanethiol 
vapor is consistent with our prior work on the reaction between Ag clusters and alkanethiol 
solution.[14]  The advantage of utilizing alkanethiol vapor is that samples can be easily grown on 
a variety of substrates such as carbon membranes (on Cu grid) without the complications of 
liquid submersion and prevents the delamination of AgSCn lamellae from the substrate due to 
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the poor adhesion. In addition, using alkanethiol vapor also provides the capability of controlling 
the amount of alkanethiol that can reach the Ag clusters if the experiments are conducted in 
vacuum. 
The formation of AgSCn can be explained by the instability of MPCs which depends on 
the cluster size and the organic molecules. Starting from the Ag metallic clusters, the initial 
product in the reaction between Ag and alkanethiol would naturally be MPCs. However, the 
subsequent stages of the reaction involve the destruction of MPCs. Therefore, MPCs are 
considered as intermediate products in the formation of AgSCn. This is in contrast to the 
observation that metal-thiolate is an intermediate product in the liquid-phase synthesis of 
MPCs.[12, 13]  
Walter et al. proposed that an MPC is composed of a metal core and a protective ligand 
shell, i.e. a core-shell structure.[3, 22] The metal atoms in the core are still in the metallic state, 
whereas those in the shell are bonded with organic molecules and are oxidized. A stable MPC 
has: 1) a compact, symmetric metal core; 2) electron shell closing in the metal core; 3) complete 
steric shielding of the ligand shell.[11] We suggest two possible paths for the formation of 
AgSCn – the removal of Ag atoms from clusters and the collapse of MPCs. 
First, since only the clusters with the core sizes satisfying the above requirements are 
stable, it is energetically preferred for the redundant Ag atoms to be removed from the clusters in 
the initially formed MPCs. In other words, besides forming protective monolayers on the Ag 
clusters, the alkanethiol also acts as an etchant. Conceivably, the Ag atoms that are removed 
from the clusters are involved in forming AgSCn. Second, small MPCs can also transform into 
AgSCn due to steric instability. The alkyl chains in the MPCs are inclined to have a parallel 
packing due to the van der Waals interaction, especially for longer chains. On the other hand, the 
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metal atoms in the cluster shell prefer the structure of the metal cores. Small cluster size further 
complicates the competition. Therefore, the large alkyl chain length (e.g. C10H21 in this study) 
and small cluster size weakens the stability of MPCs and promote the formation of AgSCn. 
3.5.2. Amount of Ag 
Controlling the amount of Ag is critical in obtaining AgSCn as the final reaction product. 
Small clusters are less stable in the presence of excess alkanethiol and are easier to be converted 
into AgSCn phase, while large clusters have higher probability surviving the reaction as MPCs. 
Decreasing the amount of Ag increases the fraction of Ag incorporated in the AgSCn phase. 
Based on the stoichiometry of the final products, when the diameter of the Ag clusters is below 
~5 nm (0.5 nm Ag deposition), the majority (> 90%) of the clusters are eventually consumed as 
AgSC10.  
The amount of Ag also determines the minimum number of layers in AgSCn crystals. For 
example, based on the molecular model of AgSCn,[28] the complete reaction between 0.18 nm 
of Ag and decanethiol vapor can generate a full-coverage single-layer AgSC10 on the surface. 
The corresponding area density of the alkyl chains is 1.77 × 10
-9
 mol/cm
2
. Similarly, 0.18*n nm 
of Ag on the surface can lead to the formation of full-coverage n-layer AgSC10 single crystal. 
However, the AgSC10 is not one uniform single crystal, and not always parallel to the substrate. 
The lateral dimension and orientation of AgSC10 crystals are compromised by the real surface 
condition. Subsequent thermal annealing promotes the growth of small crystals into large ones 
which are orientated in parallel with the substrate. 
3.5.3. Crystal growth: ripening and nucleation 
The initial size of the AgSCn depends on the size and spacing of Ag clusters. For 
example single Ag clusters with a diameter of 2 nm produce (nucleate) single crystals of single-
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layer AgSCn with diameters of 5.4 nm, which is smaller than the distance between the nearest-
neighbor clusters. Therefore, each cluster acts as a closed system with regards to Ag. Growth of 
larger crystals is achieved through the lateral transport of AgSC10 on the surface and occurs in 
two directions – lateral and vertical – via two different processes: ripening and nucleation.  
The lateral growth or ripening for a single layer is achieved via coalescence of adjacent 
grains and/or surface diffusion of AgSC10 segments. In contrast, the formation of additional 
layers (layer-building mode) requires epitaxial nucleation process on the basal planes of selected 
existing crystals. The kinetic barrier for the nucleation is higher than that of the ripening and thus 
nucleation requires a higher annealing temperature. This difference allows us to selectively 
decouple the two growth processes and to obtain specific layer thicknesses. 
To synthesize small AgSC10 lamellar crystals with only one layer, we adjust the 
annealing temperature to promote ripening and suppress second-layer nucleation. The annealing 
temperature is critical to the thickness (number of layers) of the final products, since excessive 
annealing temperature creates crystals with large number of layers even though the cluster size 
may be small. 
3.5.4. Comparison of AgSCn, alkane and polyethylene 
AgSCn typically exists in a multilayer structure – stacked layers. Similar to AgSCn, 
polyethylene and short-chain alkanes have the same major components (alkyl chains) and also 
form stacked layers. Therefore, it is interesting to compare the multilayer structures of these 
three materials. In some aspects all of these multilayer systems are similar in that the layers stack 
regularly and thus should show long range layer-by-layer order (e.g. diffraction patterns). 
However, one difference is the nature of the crystalline registration in between adjacent layers. 
Each layer of polyethylene has regions of folded chain segments at the basal surfaces which are 
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characterized as amorphous.[45] Although the layers of large polyethylene crystals can be 
orientated with each other, no experimental proof shows that uniform local registration or 
epitaxy occurs at the interface of adjacent layers. In contrast, stacked-layer crystals of alkanes 
have ordered methyl groups as the terminating species at the basal surfaces (top and bottom) of 
each layer, which allows adjacent layers to be registered with one another.[46] We suggest that 
the AgSC10 layered system is more similar to the stacked-layer alkane system. Both have methyl 
groups as terminating species and thus the registration between adjacent layers should be 
achievable. In addition, both AgSCn and alkanes have more exact layer thickness defined by the 
length of alkyl chains. Further analysis using TEM, XRD and calorimetry should be useful in 
determining the degree of registration between layers of AgSC10. 
3.5.5. Correction of AFM baseline 
AFM provide information about the thickness of AgSC10 lamellar crystals which can 
further be used to derive the layer thickness and the number of layers. Two methods are used in 
this work to analyze the data – plotting height histograms and measuring step heights. In both 
methods, the substrate area (the open areas between AgSCn crystals in the micrographs) is 
considered the baseline in the height axis. Ideally the substrate area is clear of any materials and 
the baseline is zero, i.e. the substrate peak should be centered at zero in a height histogram. 
However, the substrate area is sometimes covered with residues such as un-reacted decanethiol 
or lying-down AgSCn segments which affect the accuracy of the measurement. For example, if 
no correction is made, the measured lamellar thicknesses would be slightly lower than the 
predicted values. In addition, the FWHM values of the substrate peaks (1.0 – 1.2 nm) in Figure 
3.2a-e are about 2 times that of a bare Si substrate (0.5 nm) which has not be exposed to Ag or 
alkanethiol.  
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The amount of residue is reduced during thermal annealing in vacuum as the excess 
decanethiol desorbs and the AgSC10 segments transport and merge into large crystals. Figure 3.8 
summarizes the deviation of the measured lamellar thicknesses from the theoretical values for 
Sample A – E which is plotted versus the annealing temperature. The deviation decreases as the 
annealing temperature increases. However, high annealing temperature leads to epitaxial 
nucleation which creates crystals with large number of layers. For example, the average number 
of layers in Sample E would progressively increase to 2 and 3 layers if the samples are annealed 
to 95 ºC and 110 ºC respectively. In order to synthesize AgSC10 with only 1 or 2 layers, the 
annealing temperature should be lower than 90 ºC. Therefore, the residue effect is inevitable in 
characterizing the lamellar thickness of AgSC10 crystals in this work using AFM and thus the 
baseline correction is necessary. However, this residue effect does not interfere with XRD study. 
To fulfill the data correction, the height histograms are shifted (to larger heights) as 
demonstrated in Figure 3.2a-e, based on XRD and XRR values of layer spacing. 
3.6. Conclusion 
In summary, we developed a new synthesis method to produce metal-thiolate by reacting 
Ag clusters with alkanethiol vapor. Preferential formation of AgSCn versus MPCs as the final 
reaction product is achieved by reducing the cluster size. The thickness of AgSCn lamellae can 
be further manipulated and systematically reduced to a single layer by decreasing the amount of 
Ag and lowering the annealing temperature. 
Single-layer AgSC10 lamellar crystals are produced by using 0.1 nm of Ag and annealing 
at 90 ºC. These single-layer lamellae show the same attributes as multilayer crystals regarding 
layer thickness and conformation order. These one-layer lamellae are two-dimensional crystals 
and are the thinnest form of AgSC10 just as graphene is the thinnest form of graphite. Other 
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examples of organic two-dimensional crystals include those synthesized using the Langmuir 
Blodgett (LB)  method.[47]  
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3.8.  Figures and Tables 
 
 
 
Figure 3.1. (a) Calorimetric measurement of Sample M shows a phase transition at 131 ± 2 ºC 
which is attributed to the melting of AgSC10 crystals; (b) X-ray diffractograms of 
Sample M (red curve) and N (blue curve) which have been annealed at 115 ºC and 
20 ºC respectively; (c) AFM micrograph (5 µm  5 µm) of Sample M; (d) FTIR 
spectra of Sample M (green curve), C (blue curve) and E (red curve) which are 
composed of multilayer, 2-layer and 1-layer AgSC10 lamellar crystals. 
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Figure 3.2. (a) – (e) AFM height histograms of Sample A – E which are synthesized with the 
same method but different experimental parameters (lAg and TAnn) as listed in the 
top-right corner of each histogram. The first peak in each histogram corresponds 
to the substrate, while the others correspond to the AgSC10 lamellar crystals and 
are labeled with the number of layers. The shifting of the substrate peaks from 0 
nm is due to AFM baseline correction. 
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Figure 3.3. (a) and (b) TEM micrographs of Ag clusters grown on carbon membranes via 
vapor deposition. The cluster size and density are determined by the amount of 
Ag: (a) 0.63 nm; (b) 0.13 nm. (c) and (d) The histograms of cluster number 
density corresponding to (a) and (b), respectively. 
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Figure 3.4. (a) RBS spectra showing the amount of Ag in Sample A – G. (b) The amount of 
AgSC10 measured with AFM versus the amount of Ag measured with RBS. For 
the convenience of comparison, the quantities are transformed to the equivalent 
values in the units of nanometer (nm) and picomole (pmol). 
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Figure 3.5. (a) 2D (5 µm  5 µm) and (b) 3D (2 µm  2 µm) AFM micrographs of Sample C 
which is composed of nearly mono-dispersed (~95%) 2-layer AgSC10 lamellar 
crystals. (c) Comparison of the X-ray diffractograms of Sample C (blue curve) 
and M (red curve). (d) Average AFM line profile over 30 scans that cross from 
the substrate to the top surface of AgSC10 lamellae in Sample C as annotated in 
(a) (the blue arrows). The step height equals the thickness of 2-layer AgSC10 
crystals. 
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Figure 3.6. (a) 2D (2 µm  2 µm) and (b) 3D (2 µm  2 µm) AFM micrographs of Sample E 
which is composed of uniform-height single-layer AgSC10 lamellar crystals. (c) 
X-ray reflectivity measurement (blue curve) and simulation fitting (red curve) of 
the single-layer AgSC10 lamellae. (d) Schematic of the 3-slab model for the XRR 
fitting of single-layer AgSC10. (e) Average AFM line profile over 60 scans that 
cross from the substrate to the top surface of AgSC10 lamellae in Sample E as 
annotated in (a) (the blue arrow). The step height equals the thickness of single-
layer AgSC10 crystals. (f) TEM micrographs of single-layer AgSC10 crystals.   
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Figure 3.7. (a) – (c) AFM micrographs of Sample G, E, and F which are composed of 
different amount (surface coverage) of 1-layer AgSC10 lamellar crystals. (aʹ) – 
(cʹ) Height histograms corresponding to the micrographs in (a) – (c). The 
experimental parameters (lAg and TAnn) are listed in the top-right corner of each 
histogram. 
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Figure 3.8. The difference between the measured and predicted values is plotted as a function 
of the annealing temperature. 
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M 0.63 115 2.9 3.3 × 10
4
 Average = 11 
N 0.63 20 2.9 3.3 × 10
4
 Average = 2.3 
A 0.28 105   3, 4, 5 
B 0.39 93   2, 3, 4 
C 0.22 88   2 
D 0.20 81   1, 2 
E 0.13 88 1.3 2.3 × 10
4
 1 
F 0.14 81   1 
G 0.06 59   1 
a
 The amount of Ag (lAg) and 
b
 the annealing temperature (TAnn) used in the synthesis. 
c
 The 
average Ag cluster size (dcluster) and the cluster density on the surface. 
e
 The number of layers in 
the obtained AgSC10 crystals. 
 
Table 3.1 Experimental parameters in the synthesis of a series of samples and the obtained 
crystal sizes. 
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CHAPTER 4 
SIZE-EFFECT AND ODD/EVEN ALTERNATION IN THE MELTING OF SINGLE 
AND STACKED AgSCn LAYERS 
This chapter presents the fundamental thermodynamic study of the melting of AgSCn 
lamella using nanocalorimetry.  The controlled synthesis method presented in the previous 
chapter allows us to study the melting of AgSCn with different number of layers and chain 
length.  This discrete change in thickness highlights size-effect characteristics in the melting of 
AgSCn including melting point depression and odd/even effect.  Nanocalorimetry results 
presented here will serve as the basis for the phenomenological model for the melting of layered 
lamella which will be presented in the next chapter.  
4.1. Abstract 
We report a systematic study of the melting of layered lamella of silver alkanethiolates 
(AgSCn).  A new synthesis method allows us to independently change the thickness of the 
crystal in two ways - by modulating chain length (n) and by stacking these crystals to a specific 
number (m) of layers. Nanocalorimetry analysis shows stepwise increases in melting point, Tm, 
as the thickness of the lamella increases by integer increments of chain length.  The relationship 
between Tm and the inverse thickness follows the linear scaling law of Gibbs-Thomson effect. 
We show that layer stacking dramatically changes the degree and nature of size-effect melting. 
There is a large odd/even alternation in Tm and it follows the linear scaling law separately. Using 
the Tm data of stacked and unstacked crystals over a wide range of chain length (n: 7-18) and 
stacking number (m: 1-10), we develop a phenomenological model of size effect based on a 
cumulative excess free energy, Gexcess, contributions of three spatially separate regions of the 
crystal: surface, Ag-S central plane, and interface between layers. There is a difference in the 
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excess interface energy of 1.1 kJ/mol between odd/even chains for stacked layers which accounts 
for the odd/even effect in melting. Single layers show no odd/even effect; there is only 0.1 
kJ/mol difference in the excess surface free energy. X-ray diffraction shows that the chains are 
tilted 18
o
 with respect to the basal plane normal but that the van der Waal’s gap is 0.3Å larger for 
crystals with even number chains. 
4.2. Introduction 
Self-assembly for nanoscale systems is important in the continuing push toward 
miniaturization.  Understanding the thermodynamic properties at the nanoscale is critical in the 
self-assembly process. Size-dependent phenomena dominate at these small sizes, such as the 
observation of size-dependent melting point (Tm).[1-4] Values of Tm can decrease by hundreds of 
degrees from bulk values as the size decreases to the nanometer scale.  For small sizes, the effect 
of the surface plays a key role in changing the overall thermodynamic properties of the system. 
In addition, both electronic[5] and the shape[6] characteristics of nanometer size clusters and 
adhesion properties of thin films[7] can be dramatically altered by designing specific surface 
properties. 
The term “magic number sizes” was first coined for the stability of certain isotopes 
containing specific number of neutrons.[8, 9]  On the molecular level, magic sizes were 
discovered in vapor cluster beams of noble gases and metals.[10-14] Recently, magic sizes have 
also been observed in indium clusters on surfaces in our group[15] and in organic monolayer 
protected clusters with a 102-atom Au core.[16] During synthesis of these systems, certain sizes 
dominate more than others by being more stable. This changes the size-distribution from 
continuous to discrete.  Melting points of these particles also exhibit discrete behavior as shown 
for example in Figure 4.1a for indium clusters.[15]  The inset shows the in-situ nanocalorimetry 
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measurement during indium deposition.  The periodic multiple peaks in the calorimetry results 
show unique melting points for magic-sizes of indium clusters formed during deposition.  These 
magic sizes correspond to the formation of clusters with the addition of complete atomic shells 
(geometric magic number) as shown in the diagram.  Size dependent melting point for these 
clusters is clearly observed in the step-wise increase in the melting temperature corresponding to 
the discrete change in the cluster size. 
Nanocalorimetry (NanoDSC)[17-19], developed in our group, is the key thermal analysis 
tool used in this study. Thermodynamic measurements at the nanoscale require this special 
instrumentation technique due to the high sensitivity needed to measure the small signals from 
nanoscale materials. NanoDSC is a chip-based calorimetry device fabricated on a silicon wafer. 
A SiN membrane patterned with a metal thin film constitutes the low thermal mass calorimetric 
cell shown in Figure 4.1b.  It has been successfully used in the study of the size dependent 
melting of metal nanoparticles[15, 20, 21], polymer thin films[22] and self-assembled 
monolayers[23]. 
Silver alkanethiolate (AgSCn) is a layered lamellar compound which is a product of the 
self-assembly reaction between silver and alkanethiols.  Dance and co-workers[24] first reported 
the synthesis and characterization of AgSCn from the precipitates of the reaction between silver 
salts and alkanethiols in solution.  AgSCn is composed of a central plane of Ag and S with fully-
extended alkyl chains on both sides forming a bilayer ribbon-like structure.[24-29] Lamella can 
serve as platforms for organic monolayer electronics.[30] This bilayer lamella can also act as a 
model for biological cell membranes which are composed of phospholipid bilayer lamella. In 
prior works, our group has successfully grown multilayer[31] and single-layer[32] AgSCn on 
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different substrates in a vapor synthesis method.  This method allows for systematic control of 
the number of layers in the final product. 
In this paper, we combine the unique capabilities of the nanocalorimetry technique with 
the controlled synthesis method of AgSCn allowing for a systematic, fundamental 
thermodynamic study of the melting behavior of layered lamella.  Discrete changes in the 
thickness of AgSCn, analogous to discrete “magic” size distribution, are achieved by changing 
the chain length of the alkanethiol and controlling the number of layers in the lamella.  We show 
size-effect melting as a function of the lamella thickness.  We also show a large odd/even effect 
in Tm for stacked AgSCn crystals which is not present in single layers. Odd/even effect in the 
thickness measurement from X-ray diffraction is also discovered. A phenomenological model for 
size-effect melting in layered lamella is proposed based on contributions to the melting point 
from the surface, central plane and interlayer interface segments. 
4.3. Experimental Section 
4.3.1. AgSCn Synthesis 
Materials: Pure silver evaporation sources (99.99%) are pellets obtained from Kurt J. 
Lesker Company.  Alkanethiols (CnH2n+1SH) with different chain lengths (n=7-18) with purity of 
more than 95% are obtained from Sigma-Aldrich and used without further purification.  
Different substrates are used for the growth of AgSCn including single crystal <100> silicon 
with just the native oxide, single crystal sapphire and silicon wafers with low residual stress 
silicon nitride film. 
Synthesis: The new vapor phase synthesis of AgSCn on different substrates has been 
reported in our prior publications for both the multilayer[31] and single layer[32] samples.  
Figure 4.2 shows the schematic of the different reactions between Ag and alkanethiols. The 
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amount of silver and the annealing temperature are two independent parameters to control the 
final synthesis product. Our new synthesis method offers an unprecedented control of the number 
of layers in the AgSCn lamella which allows for the systematic characterization of the 
thermodynamic properties as a function of the number of layers. Silver is deposited on different 
substrates via thermal evaporation at a base pressure of 5 x 10
-8
 Torr and a rate of 0.3 Å/s.  The 
amount of silver is determined using a quartz crystal monitor and the deposition is controlled by 
a shutter coupled with a photodetector (solar cell) to determine the exact amount of time that the 
substrates are exposed to the source. 
The silver clusters on the substrates are then exposed to alkanethiol vapor for 3 days.  
The transfer time from the vacuum chamber is less than 30 minutes to ensure minimum 
contamination before the alkanethiol exposure. The substrates are then thermally annealed in 
vacuum (base pressure of 1 x 10
-7
 Torr).  Multilayer crystals (>10 layers) are formed when the 
annealing temperature is greater than 100 
o
C for Ag amounts greater than 2Å whereas 
monodisperse single layer crystals are formed for Ag amounts less than 1Å and annealing 
temperature below 60 
o
C. 
4.3.2. Sample Characterization  
Nanocalorimetry: This is a unique thermodynamic measurement platform developed in 
our group.  The details of the design, fabrication and operation of the nanocalorimetry device are 
discussed elsewhere.[17-19] In summary, the device is composed of a thin (100nm) free standing 
silicon nitride membrane supported at the periphery by a silicon substrate. On one side of the 
membrane is a patterned thin film metal (50nm Pt or Al).  The metal film and the silicon nitride 
membrane form the calorimetric cell with low thermal mass.  AgSCn samples are directly grown 
on the silicon nitride surface on the opposite side of the metal heater.  Sample alignment is 
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achieved using a self-aligned shadow mask during silver deposition.[33] The metal film serves 
both as a heater via joule heating when current is applied and a thermometer after calibration to 
determine the temperature coefficient of resistance (TCR) of the film.  Nanocalorimetry 
measurements are done in vacuum with a base pressure of 1 x 10
-7
 Torr.  Adiabatic conditions 
are achieved using fast heating rates (50,000 K/s) during the experiment.  The experiments use 
only the first heating/cooling cycle since the fast heating and cooling rates used create non-
crystalline products during the solidification from the melt. This is different than the slow 
heating and cooling rates of conventional DSC which shows good reversibility.[26-29] The plot 
of the heat capacity as a function of temperature, Cp(T), is used to determine the melting 
temperature (peak location), enthalpy of melting (integrated area under the melting peak) and the 
amount of sample (shift in the Cp baseline above the melting point divided by the specific heat 
assumed to be the same as alkanes). 
X-ray Diffraction: XRD measurements are done on a Philips X’pert diffractometer using 
Cu Kα radiation source with 1.5418 Å wavelength.  The average lamellar thickness is 
determined from multiple reflections indexed as (0k0) with the lamella parallel to the substrate.  
Sample alignment is carried out via peak optimization of known crystal planes on the substrates, 
(004) for silicon and (006) for sapphire. The peak locations and average crystal size are 
determined using an automated peak fitting procedure via JADE
TM
 X-Ray analysis software. 
Atomic Force Microscopy: The topography of the AgSCn crystals is studied using an 
Asylum MFP-3D AFM with sharp silicon nitride tips from Budget Sensors
TM
.  We plot the 
height histograms to determine the number of layers in the AgSCn crystal.  After an appropriate 
image flattening procedure to remove tilt in the sample during the scan, each height 
measurement for every pixel (one scan is 512 x 512 pixels) is plotted in a frequency distribution.  
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The first peak corresponds to the lowest height in the image associated with the bare substrate 
surface after some corrections described in our prior publication.[32] Each subsequent peak 
corresponds to the surfaces of the AgSCn crystal with values in multiples of the thickness of one 
layer.  These values are compared to the layer thickness measured using XRD. 
Rutherford Backscattering Spectroscopy: RBS is used to measure the absolute amount of 
Ag deposited on the substrates using a 2 MeV He
+
 ion beam.  Computer simulation of the 
experimental spectra gives the amount of Ag. 
4.4. Results and Discussion 
4.4.1. Single Layer AgSCn: Nanocalorimetry 
The Tm of single layer AgSCn with increasing chain lengths is shown in Figure 4.3a.  Our 
new synthesis method allows incremental change in chain length and directly controls by design 
the thickness of the lamella in discrete steps (∆d~2.4Å) with the addition of one methylene (-
CH2-) group to the chain.  This has the effect of adding a complete planar “shell” to the 2D 
lamella. This is analogous to the magic number sized formation of indium clusters shown in 
Figure 4.1a.  For indium, the discreteness in the cluster size (Δd~4.8Å) is due to the addition of 
one “complete shell” of atoms in the 3D cluster.   
Nanocalorimetry measurements show large size-effect melting for single layer AgSCn.  
Figure 4.3a shows the step-wise increase in Tm as a function of the chain length.  The Cp(T) plots 
for each chain length are shown in the inset.  These plots show that Tm increases in discrete 
quantum jump as the chain length is increased by integer units.  The error bars represent the 
variation from multiple experiments with each peak showing the average Tm.  Each sample used 
for this figure consists of lamella with only 1-layer thickness as verified with AFM 
measurements. 
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This result is analogous to that of the discrete Tm in indium 3D spherical particles shown 
in Figure 4.1a.[15]  The results show that size-effect melting is observed in both 3D 
nanoparticles and 2D lamellar sheets. For both indium and AgSCn, the addition of a complete 
shell/layer of atoms to the growing structure, either in spherical or lamellar form, results in a 
discrete increase in Tm.  It is noteworthy that these systems by themselves may be thought of as 
completely different (3D vs. 2D; metal vs. organic) yet the same phenomenon of melting point 
depression is observed.  The underlying thermodynamic principle that gives rise to this 
phenomenon is the same for both systems. 
Models of size-dependent melting relate Tm with the size (d) of the object.  The 
qualitative explanation for this phenomenon is that atoms/molecules at or near the surface are 
different (bonding, organization, steric limitation, etc.) as compared to the inner bulk-like 
atoms/molecules.  As a consequence, the normalized free energy of the total system (J/cm
3
) 
which includes the inner as well as the surface region atoms will be slightly different than that of 
bulk material and thus will melt at a slightly higher or lower temperature.  This excess free 
energy, ∆Gexcess (J/cm
2
) is due to the surface region and scales with particle surface area. 
Therefore the deviation of ∆Tm scales with 1/d and can be expressed as the following equation:   
2
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Melting of indium Tm(1/d) as shown in Figure 4.3b is a typical result for a variety of 
metals such as Au, In, and Sn.[3, 20, 34] This relationship can be quantitatively described using 
the classical Gibbs-Thomson (G-T) theory[35] in Equation 1.  In the G-T model, the excess free 
energy term in the numerator is directly related to surface energy of the particle.   
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For 3D metallic clusters, this relationship is best represented by Pawlow’s variation of the 
G-T model which quantifies this Gexcess as the change in the surface energies (normalized for 
atomic density) from the solid to the liquid state upon melting.[36]  For 2D aliphatic lamellar 
systems, the same relationship can be derived as previously shown for polyethylene, where size-
effect melting has been extensively studied and shown to be dependent on the thickness of the 
lamella.[37, 38] This relationship is quantified in the model proposed by Lauritzen, Hoffman and 
Weeks (LHW)[39-41] with the resulting linear relationship similar to that of the G-T equation.  
The excess free energy in the LHW model is related to an “interfacial surface energy” due to the 
fold region of the polyethylene chain at the interface.   
The plots of Tm vs. 1/d, represented as the number of carbons in the chain for AgSCn and 
the number of shells for indium, are shown in Figure 4.3b.  Both indium and 1–layer AgSCn 
show an inverse linear relationship. The discrete steps in Figures 4.1a and 4.3a represent the 
calculated values of the melting point from the linear fit in Figure 4.3b. The slope of the line 
gives a value for the excess free energy Gexcess and will be discussed later in the modeling 
section. 
The study of the melting of single layer lamella, to our knowledge, has not been 
previously reported and thus our results cannot be easily compared to other aliphatic lamellar 
systems.  For example, studies in alkanes and polyethylene all used multilayer samples 
composed of hundreds of layers.  Reports of “monolayer” alkanes on graphite are actually layers 
of alkanes that are oriented parallel to the substrate and still contain the end-to-end methyl group 
stacking.[42, 43] The most analogous structure to our single layer lamella is the self-assembled 
monolayer of alkanethiol on metal substrates (Au or Ag) which contains a terminal methyl group 
at one end and a thiol group bonded to a metal in the other. [44-46]    However, the melting 
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transition of SAMs is not well defined. Results from XRD[47] and nanocalorimetry[23] 
measurements show a broad phase transition range between ~70-125 
o
C (FWHM~50 
o
C).  
AgSCn, on the other hand, has a very sharp transition (FWHM~7 
o
C).   
Despite obvious differences, comparison of our single layer AgSCn results with that of 
multilayer alkane lamella remains instructive. Both structures contain fully extended alkyl chains 
and the majority of the energetics or enthalpy of melting transition (~4 kJ/mol(CH2)) for both 
systems is attributed to the inner –CH2– nearest neighbor chain-to-chain Van der Waals 
interaction.  Here we note two important differences between 1-layer AgSCn and n-alkanes of 
similar size: (1) Tm of 1-layer AgSCn is much higher than alkanes (bulk multilayer) of the same 
chain length and (2) the odd/even effect on the Tm of 1-layer AgSCn is absent. 
The first difference is the high melting point of AgSCn compared to alkanes of 
comparable chain lengths.  An example is that of 1-layer AgSC7 which melts at Tm=100 
o
C 
which is much higher than C7H16 (Tm≈-90 
o
C) or C14H30 (Tm≈5 
o
C) which are the equivalent ½ 
bi-layer and full bi-layer thickness, respectively.  We attribute this difference to the contribution 
made to ∆Gexcess from the tightly bound –S–Ag– central plane. This produces a positive change 
in the overall free energy as compared to the negative value due to the surface region.  The 
positive change will be discussed in detail in the later section of the paper after the effects of 
stacking are addressed.  This effect of higher values of Tm (vs. alkane) is also present in self-
assembled monolayers (SAMs) of AuSCn where Tm~100 
o
C has been reported.[23, 47]  For 
SAMs, one end of the alkyl chain is also covalently bound to a metal atom in the Au-S network 
so the effects are similar to that of the Ag-S central plane in AgSCn. 
The second difference concerns the odd-even alternation of Tm which is well documented 
for n-alkanes: even-numbered alkanes melt at higher temperatures than odd-numbered alkanes.  
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For example, C8H18 (Tm=-57 
o
C) melts at ∆Tm~15 
o
C above the extrapolated values based on 
C7H16 (Tm=-90 
o
C) and C9H20 (Tm=-54 
o
C).  However, in our case the odd/even effect is not 
present in single layer AgSCn. The Tm of AgSC8 extrapolated from that of AgSC7 and AgSC9 is 
approximately the same temperature (± 1 
o
C) as the measured value.  The linear fit in Figure 4.3b 
separated between the odd and even chains shows no significant difference for single layer 
AgSCn.  
Comparison of the absence of the odd/even effect for single layer lamella is difficult to 
find.  There is no experimental evidence of this effect for SAMs although simulation studies 
have shown that there may be an odd/even variation.[48] There is a strong odd/even variation in 
the contact angle surface energy measurement[49] but the relationship between surface energy 
and melting point is unclear and may not be a good indication of whether a corresponding 
odd/even variation in the melting point will be present.  There are also no experimental data for 
single layer alkanes (standing up) and polyethylene that can be used for comparison.  
Why is there no odd/even effect in the melting points of single layer AgSCn? The 
terminal CH3 group in both odd and even chains forms the free surface of the single layer lamella 
and interacts via van de Waal’s forces with the nearest neighbor CH3 groups in adjacent chains.  
The end group orientations between odd and even chains are different relative to the central 
plane since the alkyl chain is tilted. This has been found in simulation studies of an analogous 
structure using self-assembled monolayer (SAMs).[49, 50] Experiments of contact-angle surface 
energy of SAMs show alternating even/odd values. For alkanes, the orientation of the terminal 
CH3 has no odd/even difference since the chains are not tilted. Also measurements of the surface 
energy for alkanes also do not show the odd/even effect.[51] For AgSCn, we would expect 
alternating odd/even effect of surface energy because the alkyl chains are tilted.  
72 
 
However, this difference in orientation of the terminal methyl group relative to the 
surface does not change the closest neighbor distance, interaction, or local orientation when 
comparing even or odd chains. Thus the van der Waal’s interaction between odd and even chains 
is invariant. The Gexcess contributions from the free surface of the odd and even chains will not be 
significantly different, as will be shown in later sections, and which is consistent with the lack of 
an odd/even effect for single layer AgSCn. 
It is noteworthy that melting point measurements for lamellar alkane crystals are all done 
on multilayer samples and the odd/even effect has been observed.  To our knowledge, there is no 
measurement of Tm done on a purely single layer alkane lamella having only free surface 
boundaries but we speculate that there may be no odd/even effect in Tm for these crystals.   The 
difference in the orientation of the terminal CH3 plays a huge role in the close packing structure 
when two layers are stacked where the terminal methyl groups from the two layers are mated to 
each other in forming the interface.[52, 53] We see a large odd/even effect for stacked AgSCn as 
is observed in stacked alkanes. This highlights the importance of stacking and will be discussed 
in the succeeding sections. 
4.4.2. Effect of Stacking: Melting of 2-Layer AgSCn 
In the previous section, the thickness of AgSCn was increased by using successively 
longer chain lengths.  However, by using our new vapor synthesis method, we can also increase 
the thickness of the crystal by the stacking process where any numbers (m) of single layer 
lamella are stacked vertically.  This allows us to grow crystals with as few as 2 layers. These 2-
layer lamellae are naturally special crystals since they represent the most basic unit in the study 
of the effects of stacking – they contain only one interface.  
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The AFM images and the corresponding height histograms on Figure 4.4a-b show the 
change in the crystal thickness via stacking.  Our controlled synthesis method has successfully 
grown both monodisperse crystals (1-layer and 2-layer samples) and a mixed crystal (both 1-
layer and 2-layer in the same sample).  Is there a difference in the outcome (Tm) between these 
two different means of increasing the thickness (d)?  Yes, in both degree and character. 
We find that the effect of stacking single layers of AgSCn on Tm is huge.  
Nanocalorimetry results in Figure 4.4c show a large increase in Tm between 1-layer and 2-layer 
AgSCn (ΔT = 23K for AgSC7) for a single chain-length AgSCn. The same result is observed for 
other chain lengths.   
This large increase in Tm upon stacking is somewhat surprising and is in contrast to PE 
crystals which show no significant effect of stacking.  Figure 4.5 shows the plot of Tm vs. 1/d for 
PE consisting of 100’s of stacked lamella layers where “d” is the thickness of the individual 
lamella from data reported in the literature.[38, 54] Also shown in the figure is the one and only 
known data point for a 1-layer PE crystal (d=12.5nm) which was obtained using nanocalorimetry 
in our earlier work.[55]  In contrast to AgSCn, the Tm of this single layer sample is 
approximately the same as that of the stacked multilayer crystals with individual layer thickness 
that is also 12.5 nm but with a total thickness of several microns.  Both samples melt at the same 
temperature which is ~20 
o
C below the “bulk” value.   
We deduce that changes produced by mating two 1-layer AgSCn crystals alter the 
energetics, rearrangement and/or the mobility of the terminal methyl groups in the “contact” 
region. This changes the effective collective melting properties (e.g. Gexcess) for the whole crystal. 
Whereas for PE, stacking has little effect on forming an “interface” and each 1-layer crystal acts 
independently and melts at the same Tm with or without being mated to each other.  
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A closer look at the Cp(T) data in Figure 4.4c shows that the value of the full-width at 
half maximum (FWHM) of the melting peaks of the 1-layer and 2-layer samples are the same 
(~7 
o
C) and yet the Tm has increased by ∆T~23K.  This infers that there exists a large degree of 
collective melting for each crystal and that the two crystal layers are strongly dependent and 
synergistic with each other. Together, the stacked layers have a much higher Tm than each 
individual crystal.  We also note that the value of Tm for 1-layer and 2-layer in the mixed sample 
are the same as the monodisperse samples even though each sample is processed slightly 
differently having a different annealing temperature and amount of Ag.  This attests to the 
invariability of the outcome with regards to the different processing conditions. 
4.4.3.  Effect of Stacking: Odd/Even Effect on 2-Layer AgSCn 
The introduction of an interface does not only increase the Tm for a 2-layer sample but it 
also shows significant odd/even chain melting point alternation. By mating two 1-layer crystals, 
the character of the crystal is changed such that it “knows” whether the chain length is even or 
odd. This is not true for 1-layer unstacked crystals where there is no odd/even effect.  
Figure 4.6 shows size-effect melting for 2-layer AgSCn as a function of chain length.  
Observe the large oscillating odd/even difference with the Tm of the odd chains higher than the 
even chains. The odd/even effect persists in all stacked AgSCn including 3-layer, 4-layer and 
multilayers also shown in Figure 4.6. These plots include limited data due to difficulty in 
resolving the small temperature differences for large values of “n” and “m”.  The temperature 
steps in each plot are calculated from the linear fit of plots of Tm vs. 1/n for each number of 
layers.  
When separating the data into groups (odd and even chains), each individual group 
follows the size-effect inverse linear relationship as shown in Figure 4.7.  In the 2-layer case, a 
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large variation of ∆T~12K is estimated due to the odd/even effect when extrapolating the value 
of the melting point of 2-layer AgSC7 from the linear fit of all even chains. In contrast we find 
only an insignificant difference of ∆T~1K when analyzing the 1-layer AgSCn in the same 
manner and thus we conclude that the odd/even effect is absent in 1-layer AgSCn. 
Why is there odd/even effect on the melting of stacked AgSCn? The odd/even effect in 
Tm has been a well-known phenomenon for n-alkanes for well over 100 years.[51, 52] However, 
the explanation for the phenomenon remains unclear.  It is typically attributed to differences in 
the “packing effects”, interface density and Van der Waal’s gap between odd and even 
alkanes.[52] Our data for AgSCn unambiguously show that the odd/even effect only occurs when 
layers are stacked indicating a difference in the interlayer interaction of the terminal CH3 groups 
between odd and even chains. 
When stacking 2 layers, the difference in the orientation of the terminal CH3 group in the 
odd and even chains has a significant role in the registration and the closest packing 
configuration.[50] For odd chains where the CH3 groups are oriented away from the surface 
(tilted inward towards the central plane), the two layers can be packed closer. The interlayer CH3 
distances are smaller compared to the even chains where the terminal CH3 tilts away from the 
central plane and has a larger steric hindrance during interlayer packing. This is supported by 
XRD measurement of the lamella thickness which also shows an odd/even effect and will be 
discussed in details later. The van der Waal’s forces are different, thus the Gexcess will also be 
different between odd and even chains.  This leads to the large odd/even effect in Tm of stacked 
AgSCn. 
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4.4.4. Melting Point vs. Number of Layers 
The dependence of Tm to the number of layers in the lamellar stack opens a new level of 
discreteness in the size-effect melting of AgSCn lamella.  A key feature of our new synthesis 
method allows us to grow crystals with 1, 2 ,3 and 4 layers for AgSC7 and AgSC8.  This level of 
discreteness is also analogous to the discrete sizes on magic sized materials.  In this case, the 
change in thickness is in increments of a single lamella thickness. It becomes increasingly 
difficult to control the number of layers for longer chain lengths due to a limited annealing 
temperature range available. Multilayer crystals dominate the growth product at higher 
temperatures.  
The Tm of AgSC7 and AgSC8 with different number of layers are shown in Figure 4.8a.  
There is a step-wise increase in Tm consistent with the discrete nature of the thickness change 
due to an increase in the number of layers.  The plots for AgSC7 and AgSC8 highlight the 
odd/even effect which is also present in 3 and 4 layer samples. The multilayer samples included 
in the plots are for samples grown with at least 10 layers. 
The temperature steps in Figure 4.8a are obtained from the calculated values of the 
melting point from the linear fit on the plot of Tm as a function of the inverse of the number of 
layers in Figure 4.8b.  This linear behavior is consistent with the melting point depression 
described by the LHW model in Equation 1.  The thickness term for this case is represented by 
the number of bi-layers multiplied by the chain length.  Figure 4.8b plots Tm versus the inverse 
of the number of layers (1/m) for the stacked samples.  The single layer results are not included 
in the linear fitting in order to separate the samples with contributions from the formation of an 
interface between layers when stacking is introduced. 
 
 
77 
 
4.4.5. Odd/Even Effect in the Structure: XRD 
In the previous sections, we have established a significant odd/even chain length 
alternation in Tm of stacked AgSCn lamella.  The proposed phenomenological model in the next 
chapter will show that this variation is due to the difference in the excess interfacial energies 
between odd and even chains.  We present a structural difference between odd and even AgSCn 
from the measurement of layer thickness obtained from XRD of multilayer AgSCn crystals.   
Figure 4.9a shows the lamellar thickness as a function of the number of carbons in the 
alkyl chain without including the terminal CH3 group (n-1 carbons).  When the data is separated 
between odd and even chains, there is a small but well resolved variation in the thickness.  The 
linear fit of the data for odd and even points shows two lines with the same slope but different 
offsets.  The slope of the line indicates the tilt of the alkyl chain relative to the central plane.  The 
value of the slope corresponds to the increase in the thickness due to addition of 2 methyl groups 
(C-C-C distance).  This value is known for polyethylene and alkane which has alkyl chains that 
are not tilted (2.55 Å).  For AgSCn, both odd and even alkyl chains are tilted 18
o
±1
o
 relative to 
the central plane.  This is the first time that the odd and even thicknesses are analyzed separately 
for AgSCn. We often find in the literature[24, 26] that in typical XRD analysis there is no 
distinction between odd and even chains, which can yield conflicting values for tilt = 12
o
±3
o
 with 
large experimental uncertainties.  
The y-offsets of the linear fit include the thickness of the central plane and the terminal 
methyl groups at the interface.  The central plane thickness does not change between odd and 
even AgSCn. The difference in the offsets is therefore attributed only to the difference in the 
interlayer packing between odd and even chains.  This difference is 0.35 Å and is well resolved 
as shown in the plots of the absolute deviation from the linear fit for each data points in Figure 
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4.9b. This odd/even difference in the thickness has been previously reported for alkanes using 
both molecular modeling of the structure and thickness measurements from XRD.[56]  Structural 
models initially proposed by Kitaigorodsky and later developed from diffraction studies show a 
difference of 0.3 Å in the packing between odd and even alkanes.[53]  
It is difficult to measure the thickness of a purely single layer AgSCn.  Previous X-ray 
reflectivity data are limited due to the difficulty in simulating the structure of the bilayer while 
AFM step height measurements suffer from uncertainties in the substrate offsets.[32]  However, 
we can calculate the differences between odd and even chains for single layer by using the 
calculated tilt angle of the chain and the geometry of the bonding in the alkyl chains. This simple 
calculation shows an odd/even variation in the thickness with a difference of ~0.6Å.   
The offsets in AgSCn indicate that the odd chains have a lower van der Waal’s gap and 
thus the terminal methyl groups are closer at the interface.  This closer interaction may account 
for the lower excess interfacial energy for the odd chains and a higher Tm compared to the even 
chains.  For alkanes, the interlayer packing between even chains is closer (higher Tm) than the 
odd chains (lower Tm). These results provide a strong correlation between the odd/even variation 
in the melting point and the odd/even variation in the structure for AgSCn lamellar crystals. 
These results can be generalized to other aliphatic lamellar systems that exhibit this odd/even 
effect. 
4.4.6. Enthalpy and Entropy of Melting 
The plots of the enthalpy and entropy of melting for AgSCn with different chain lengths 
are shown in Figure 4.10. The average measured value for Hm (3.85 kJ/mol-CH2) for our 
multilayer AgSCn samples is the same as the reported values for conventional DSC studies on 
bulk samples (3.5-4.0 kJ/mol-CH2). [27-29] As expected, these values for AgSCn are consistent 
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with values for alkanes and polyethylene (ΔHm = 4.11 kJ/mol; ΔSm = 9.9 kJ/mol K).[38] 
However, values of Hm for single layer AgSCn in this work are consistently (55%) lower than for 
the multilayer samples.  This systematic decrease in ΔHm is expected, despite the large signal in 
the Cp data, due to the large uncertainty in determining the molar amount of Ag and AgSCn for 
single layer samples.   For 1-layer samples only 0.5-1.0 (Å) of Ag is used for the reaction.  Since 
our synthesis process is ex-situ in nature and involves a 30min exposure of Ag to ambient gases, 
there will be undoubtedly some undetermined amount of oxidation/sulfurization of Ag.  For 
example a 0.2Å loss of Ag will result in a 50% decrease in our estimate for the molar amounts 
of AgSCn.  Furthermore, the small amounts of alkanethiol residue[32] present on the SiN surface 
which occurs during normal processing steps will also lead to an addition underestimation for the 
value of AgSCn Hm.   Thus the large uncertainty in the value in Hm for single layer AgSCn is not 
surprising. 
Interestingly, our analysis of the enthalpy data versus chain length “n”, indicates that two 
of the methylene groups in the chain do not contribute to the overall enthalpy of the whole chain.  
This may also explain why AgSC2 has been found to be unstable in a previously reported 
work.[27]   
4.5. Conclusion 
We have done a systematic study of the melting of lamellar crystals of AgSCn using 
nanocalorimetry coupled with a new synthesis method. This method allows for precise control of 
the number of layers in the lamella. Discrete changes in the lamella thickness are achieved in two 
ways: change in chain length and change in the number of layers.  Size dependent melting 
behavior is observed both as a function of chain length and the number of layers. 
80 
 
For single layer AgSCn, magic size-effect melting behavior is observed. The change in 
chain length leads to the addition of a “shell” to the lamella analogous to the discrete addition of 
atomic shells in magic size metal clusters.  
Stacking has a significant effect on the melting of AgSCn.  There is a large increase in Tm 
between 1 and 2-layer samples. We have shown a large odd/even effect for 2, 3 and 4 layers.  
This is unambiguously a result of stacking since no odd/even effect is observed for unstacked 
single layer samples. 
There is also an odd/even variation in the thickness of the lamella from XRD 
measurements which may account for this difference in the interface formed between odd and 
even chains. 
4.6. References 
 
1. M. Takagi, Electron-diffraction study of liquid-solid transition of thin metal films, Journal 
of the Physical Society of Japan, 9, 359 (1954). 
 
2. C. J. Coombes, The melting of small particles of lead and indium, Journal of Physics F: 
Metal Physics, 2, 441-9 (1972). 
 
3. P. Buffat and J. P. Borel, Size Effect on Melting Temperature of Gold Particles, Physical 
Review A, 13, 2287-2298 (1976). 
 
4. C. L. Jackson and G. B. McKenna, The melting behavior of organic materials confined in 
porous solids, Journal of Chemical Physics, 93, 9002-11 (1990). 
 
5. A. Naitabdi, L. K. Ono and B. R. Cuenya, Local investigation of the electronic properties 
of size-selected Au nanoparticles by scanning tunneling spectroscopy, Applied Physics 
Letters, 89, 043101-3 (2006). 
 
6. S. Mostafa, F. Behafarid, J. R. Croy, L. K. Ono, L. Li, J. C. Yang, A. I. Frenkel and B. R. 
Cuenya, Shape-Dependent Catalytic Properties of Pt Nanoparticles, Journal of the 
American Chemical Society, 132, 15714-15719 (2010). 
 
7. D. D. Gandhi, M. Lane, Y. Zhou, A. P. Singh, S. Nayak, U. Tisch, M. Eizenberg and G. 
Ramanath, Annealing-induced interfacial toughening using a molecular nanolayer, 
Nature, 447, 299-U2 (2007). 
 
81 
 
8. L. Kowarski, Magic Numbers and Elements with No Stable Isotopes, Physical Review, 
78, 477-479 (1950). 
 
9. H. A. Bethe and R. F. Bacher, Nuclear Physics A. Stationary States of Nuclei, Reviews of 
Modern Physics, 8, 82-229 (1936). 
 
10. M. R. Hoare and P. Pal, Physical cluster mechanics: Statistical thermodynamics and 
nucleation theory for monatomic systems, Advances in Physics, 24, 645-678 (1975). 
 
11. W. D. Knight, K. Clemenger, W. A. Deheer, W. A. Saunders, M. Y. Chou and M. L. 
Cohen, Electronic Shell Structure and Abundances of Sodium Clusters, Physical Review 
Letters, 52, 2141-2143 (1984). 
 
12. E. G. Noya, J. P. K. Doye, D. J. Wales and A. Aguado, Geometric magic numbers of 
sodium clusters: Interpretation of the melting behaviour, The European Physical Journal 
D, 43, 57-60 (2007). 
 
13. O. Echt, K. Sattler and E. Recknagel, Magic Numbers for Sphere Packings: Experimental 
Verification in Free Xenon Clusters, Physical Review Letters, 47, 1121-1124 (1981). 
 
14. P. W. Stephens and J. G. King, Experimental Investigation of Small Helium Clusters: 
Magic Numbers and the Onset of Condensation, Physical Review Letters, 51, 1538-1541 
(1983). 
 
15. M. Y. Efremov, F. Schiettekatte, M. Zhang, E. A. Olson, A. T. Kwan, R. S. Berry and L. 
H. Allen, Discrete periodic melting point observations for nanostructure ensembles, 
Physical Review Letters, 85, 3560-3563 (2000). 
 
16. P. D. Jadzinsky, G. Calero, C. J. Ackerson, D. A. Bushnell and R. D. Kornberg, Structure 
of a thiol monolayer-protected gold nanoparticle at 1.1 angstrom resolution, Science, 
318, 430-433 (2007). 
 
17. M. Y. Efremov, E. A. Olson, M. Zhang, F. Schiettekatte, Z. S. Zhang and L. H. Allen, 
Ultrasensitive, fast, thin-film differential scanning calorimeter, Review of Scientific 
Instruments, 75, 179 (2004). 
 
18. S. L. Lai, Ramanath, G., Allen, L. H., Infante, P., Ma, Z., High-speed (10^4 degrees C/s) 
scanning microcalorimetry with monolayer sensitivity (J/m^2), Applied Physics Letters, 
67, 1229-31 (1995). 
 
19. E. A. Olson, M. Y. Efremov, M. Zhang, Z. S. Zhang and L. H. Allen, The design and 
operation of a MEMS differential scanning nanocalorimeter for high-speed heat capacity 
measurements of ultrathin films, Journal of Microelectromechanical Systems, 12, 355-64 
(2003). 
 
82 
 
20. M. Zhang, M. Y. Efremov, F. Schiettekatte, E. A. Olson, A. T. Kwan, S. L. Lai, T. 
Wisleder, J. E. Greene and L. H. Allen, Size-dependent melting point depression of 
nanostructures: Nanocalorimetric measurements, Physical Review B, 62, 10548-10557 
(2000). 
 
21. E. A. Olson, M. Y. Efremov, M. Zhang, Z. S. Zhang and L. H. Allen, Size-dependent 
melting of Bi Nanoparticles, Journal of Applied Physics, 97, 034304 (2005). 
 
22. M. Y. Efremov, E. A. Olson, M. Zhang, Z. Zhang and L. H. Allen, Glass transition in 
ultrathin polymer films: Calorimetric study, Physical Review Letters, 91, 85703 (2003). 
 
23. Z. S. Zhang, O. M. Wilson, M. Y. Efremov, E. A. Olson, P. V. Braun, W. Senaratne, C. K. 
Ober, M. Zhang and L. H. Allen, Heat Capacity Measurements of Two-dimensional Self-
assembled Hexadecanethiol Monolayers on Polycrystalline Gold, Applied Physics 
Letters, 84, 5198 (2004). 
 
24. I. G. Dance, K. J. Fisher, R. M. H. Banda and M. L. Scudder, Layered Structure of 
Crystalline AgSR, Inorganic Chemistry, 30, 183-187 (1991). 
 
25. H. G. Fijolek, J. R. Grohal, J. L. Sample and M. J. Natan, A facile trans to gauche 
conversion in layered silver butanethiolate, Inorganic Chemistry, 36, 622-628 (1997). 
 
26. F. Bensebaa, T. H. Ellis, E. Kruus, R. Voicu and Y. Zhou, Characterization of self-
assembled bilayers: Silver-alkanethiolates, Langmuir, 14, 6579-6587 (1998). 
 
27. M. J. Baena, P. Espinet, M. C. Lequerica and A. M. Levelut, Mesogenic Behavior of 
Silver Thiolates with Layered Structure in the Solid-State - Covalent Soaps, Journal of the 
American Chemical Society, 114, 4182-4185 (1992). 
 
28. A. A. Levchenko, C. K. Yee, A. N. Parikh and A. Navrotsky, Energetics of Self-Assembly 
and Chain Confinement in Silver Alkanethiolates: Enthalpy-Entropy Interplay, Chemistry 
of Materials, 17, 5428-5438 (2005). 
 
29. R. Voicu, A. Badia, F. Morin, R. B. Lennox and T. H. Ellis, Thermal Behavior of a Self-
Assembled Silver n-Dodecanethiolate Layered Material Monitored by DSC, FTIR, and 13 
C NMR Spectroscopy, Chemistry of Materials, 12, 2646-2652 (2000). 
 
30. R. T. W. Popoff, A. A. Zavareh, K. L. Kavanagh and H.-Z. Yu, Reduction of Gold 
Penetration through Phenyl-Terminated Alkyl Monolayers on Silicon, The Journal of 
Physical Chemistry C, 116, 17040-17047 (2012). 
 
31. L. Hu, Z. S. Zhang, M. Zhang, M. Y. Efremov, E. A. Olson, L. P. de la Rama, R. K. 
Kummamuru and L. H. Allen, Self-Assembly and Ripening of Polymeric Silver-
Alkanethiolate Crystals on Inert Surfaces, Langmuir, 25, 9585-9595 (2009). 
 
83 
 
32. L. Hu, L. P. de la Rama, M. Y. Efremov, Y. Anahory, F. Schiettekatte and L. H. Allen, 
Synthesis and Characterization of Single-Layer Silver Decanethiolate Lamellar Crystals, 
Journal of the American Chemical Society, 133, 4367-4376 (2011). 
 
33. R. K. Kummamuru, L. Hu, L. Cook, M. Y. Efremov, E. A. Olson and L. H. Allen, A close 
proximity self-aligned shadow mask for sputter deposition onto a membrane or cavity, 
Journal of Micromechanics and Microengineering, 18, 095027 (2008). 
 
34. S. L. Lai, Ramanath, A. G.,Allen, L. H., Infante, P., Heat capacity measurements of Sn 
nanostructures using a thin-film differential scanning calorimeter with 0.2 nJ sensitivity, 
Applied Physics Letters, 70, 43-5 (1997). 
 
35. J. J. Thomson, Application of Dynamics to Physics and Chemistry, 1888. 
 
36. P. Pawlow, Zeitschrift fur Physikalische Chemie, 65, 545 (1909). 
 
37. J. Hoffman and J. Weeks, X-Ray Study of Isothermal Thickening of Lamellae in Bulk 
Polyethylene at the Crystallization Temperature, The Journal of Chemical Physics, 42, 
4301-4302 (1965). 
 
38. B. Wunderlich and G. Czornyj, A Study of Equilibrium Melting of Polyethylene, 
Macromolecules, 10, 906-913 (1977). 
 
39. J. Lauritzen and J. Hoffman, Formation of Polymer Crystals with Folded Chains from 
Dilute Solution, J. Chem. Phys., 31, 1680 (1959). 
 
40. J. Lauritzen and J. Hoffman, Theory of formation of polymer crystals with folded chains 
in dilute solution, J. Res. Nat. Bur. Stand. A. Phys. Ch., 64, 73-102 (1960). 
 
41. J. Hoffman and J. Weeks, Melting Process and the Equilibrium Melting Temperature of 
Polychlorotrifluoroethylene, Journal of Research of the National Bureau of Standards A: 
Physics and Chemistry, 66A, 16-28 (1962). 
 
42. G. C. McGonigal, R. H. Bernhardt and D. J. Thomson, Imaging alkane layers at the 
liquid/graphite interface with the scanning tunneling microscope, Applied Physics 
Letters, 57, 28-30 (1990). 
 
43. J. P. Rabe and S. Buchholz, Commensurability and Mobility in Two-Dimensional 
Molecular Patterns on Graphite, Science, 253, 424-427 (1991). 
 
44. A. Ulman, Formation and structure of self-assembled monolayers, Chemical Reviews, 
96, 1533-1554 (1996). 
 
45. A. Ulman, Self-Assembled Monolayers of Thiols, 1998. 
 
84 
 
46. J. C. Love, L. A. Estroff, J. K. Kriebel, R. G. Nuzzo and G. M. Whitesides, Self-
assembled monolayers of thiolates on metals as a form of nanotechnology, Chemical 
Reviews, 105, 1103-1169 (2005). 
 
47. P. Fenter, P. Eisenberger and K. S. Liang, Chain-Length Dependence of the Structures 
and Phases of Ch3(Ch2)N-1sh Self-Assembled on Au(111), Physical Review Letters, 70, 
2447-2450 (1993). 
 
48. L. Ramin and A. Jabbarzadeh, Odd-Even Effects on the Structure, Stability, and Phase 
Transition of Alkanethiol Self-Assembled Monolayers, Langmuir, 27, 9748-9759 (2011). 
 
49. P. Srivastava, W. G. Chapman and P. E. Laibinis, Odd-Even Variations in the Wettability 
of n-Alkanethiolate Monolayers on Gold by Water and Hexadecane:A Molecular 
Dynamics Simulation Study, Langmuir, 21, 12171-12178 (2005). 
 
50. F. Tao and S. L. Bernasek, Understanding Odd/Even Effects in Organic Self-Assembled 
Monolayers, Chemical Reviews, 107, 1408-1453 (2007). 
 
51. D. M. Small, The Physical Chemisty of Lipids From Alkanes to Phospholipids, 1986. 
 
52. R. Boese, H.-C. Weiss and D. Blaser, The Melting Point Alternation in the Short-Chain n-
Alkanes: Single-Crystal X-Ray Analyses of Propane at 30 K and of n-Butane to n-Nonane 
at 90 K, Angewandte Chemie International Edition, 38, 988-992 (1999). 
 
53. A. I. Kitaigorodskii, Organic Chemical Crystallography, 1961. 
 
54. B. Wunderlich, Thermal Analysis of Polymeric Materials, 2005. 
 
55. A. T. Kwan, M. Efremov, E. A. Olson, F. Schiettekatte, M. Zhang, P. H. Geil and L. H. 
Allen, Nanoscale calorimetry of isolated polyethylene single crystals, Journal of Polymer 
Science Part B-Polymer Physics, 39, 1237-45 (2001). 
 
56. D. L. Dorset, Crystallography of the Polymethylene Chain, 2005. 
 
  
85 
 
4.7. Figures 
 
 
 
Figure 4.1. (a) Magic number size melting for indium clusters from in-situ nanocalorimetry 
measurement during deposition. Inset shows periodic multiple peaks 
corresponding to the different magic size clusters. (b) Schematic of the 
nanocalorimetry sensor. 
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Figure 4.2. Schematic of the different reactions between Ag and alkanethiols.  Controlled 
synthesis of AgSCn is achieved by varying the amount of Ag and the annealing 
temperature. 
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Figure 4.3. (a) Size-effect melting for single layer AgSCn with different chain lengths 
showing a step-wise increase in Tm analogous to the magic size melting of indium 
clusters. The temperature steps are calculated from the linear fit in (b). Inset 
shows the Cp(T) plots for different chain lengths with the Tm peaks representing 
the average of multiple experiments.  Plots are offset vertically for clarity. (b) 
Inverse linear relationship between Tm and 1/d for AgSCn and indium. 
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Figure 4.4. (a) AFM images of a monodisperse 1 and 2-layer AgSCn and a mixture of both. 
(b) Corresponding height histograms showing the discrete changes in height when 
stacking layers. (c) Nanocalorimetry results showing a large increase in Tm 
between 1 and 2 layers.  The mixed samples show 2 independent peaks consistent 
with the values for the monodisperse samples. 
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Figure 4.5. Plots of Tm vs. 1/n for polyethylene (PE) and alkanes from data reported in the 
literature.[38, 51] The single layer PE data from is from nanocalorimetry 
measurement done in our group.[55]  
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Figure 4.6. Odd/even alternation of Tm for  2-layer, 3-layer, 4-layer and multilayer AgSCn. 
The temperature steps are calculated from the linear fit of Tm vs. 1/n for each 
layer.  For 3 and 4 layers, only data for AgSC7 and AgSC8 are determined and the 
linear fitting assumes a T
o
 calculated from the multilayer results. 
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Figure 4.7. Inverse linear relationship between Tm and 1/n for 2-layer AgSCn separated 
between odd and even chains. 
 
  
92 
 
 
 
Figure 4.8. (a) Tm vs. number of layers AgSC7 and AgSC8.  The temperature steps are 
determined from the linear fit to the plot of Tm vs. 1/m.  (b) The inverse linear plot 
for Tm vs. 1/m. 
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Figure 4.9. (a) Plot of lamella thickness vs. number of CH2 in the chains (not including the 
terminal methyl group).  Separate analysis of the odd and even chains showed the 
same tilt angle (from the slope) but different y-offsets. (b) Plot of the deviation of 
the data from the linear fit which shows that the difference between the odd and 
even offsets is well resolved. 
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Figure 4.10. (a) Plot of the enthalpy of melting as a function of the chain length.  Data include 
reported values from conventional DSC of solution-synthesized AgSCn powders. 
(b) Plot of the calculated entropy of melting (ΔSm =ΔHm/Tm) showing values 
consistent with polyethylene.  
(a) 
(b) 
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CHAPTER 5 
PHENOMENOLOGICAL MODEL FOR THE MELTING OF LAYERED LAMELLA 
This chapter presents a multi-variable phenomenological model for the melting of layered 
lamella.  Results presented in Chapter 4 have clearly shown that the overall thermodynamic 
property of the system is significantly affected by the layer-to-layer interaction.  We have shown 
a large size-effect melting as a function of the number of layers and a large alternation of the 
melting temperature due to the odd/even effect.  However, previous models of size-effect 
melting of layered lamella discussed in Chapter 2, did not take into account the effect of layer 
stacking. In this work, the new phenomenological model aims to explain these results by taking 
into account the contributions to the overall excess free energy of the system from the surface, 
interfaces and the central plane.  We present here the model parameters, derivation, data analysis, 
limitations and possible areas of improvement. 
5.1 Model Parameters  
The amount of size effect depression in Tm in all material scales with the ratio of excess 
free energy (Gexcess) to the size corrected enthalpy (Hm*d).  For metal clusters, the models of 
Gibbs-Thomson and Pawlow relate Gexcess to a single source – the outer surface of the cluster. 
This can be tested independently by contact-angle surface-energy measurements of the liquid and 
solid.  In the Lauritzen, Hoffmann and Weeks model, the value of Gexcess for planar stacked 
crystals of PE also has a single source – the folded region near the surface.  In this case, 
however, the value of Gexcess is 400% larger than contact-angle surface-energy measurements. 
Gexcess includes the contributions not only from the surface but from the whole fold region, most 
of which are buried and inaccessible to contact-angle measurements.  
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The idea of using a single source/region to relate Gexcess to ∆T is not consistent with our 
results in Chapter 4. No single expression can be generated incorporating values of thickness and 
Gexcess that will yield our results. Our data of Tm vs. 1/d does not fit a single line.   This is 
highlighted by the observed odd/even effect in the stacked samples.  For example, a 2-layer 
AgSC7 (d=4.5nm) melts at a higher temperature (ΔT~8K) compared to a thicker 2-layer AgSC8 
(d=5.0nm). 
We propose to extend the form of these models for AgSCn and relate Gexcess not to a 
single source but to three sources – corresponding to three spatially segmented regions.  In this 
way, we consider that the crystal melts collectively as a whole and occurs at a single 
temperature, Tm. However, this value of (size-effect) Tm is determined by spatially separated 
regions of the crystal.  
In our proposed model, the Gexcess in the lamellar structure is separated into the 
contributions from the surface, interface and the central plane as shown in Figure 5.1.  The 
central plane is composed of the network of Ag and S atoms. This model can be generalized for 
other lamellar crystals such as alkanes and polyethylene that do not have a central plane, by 
simply replacing the central plane with an interface.  In fact, the AgSCn system can be thought 
of as an alkane lamellar crystal with an alternating end-to-end methyl interface and central plane 
Ag-S interface.   
When two layers are stacked to form an interface, the excess free energy due to the 
interface formation, ΔGI, is the contribution from each layer so the total energy is twice this 
value.  We treat the central plane in the same way where the excess free energy, ΔGC, is the 
contribution from one side of the Ag-S network.  The excess surface free energy, ΔGS, is the 
individual contribution from the top and bottom surfaces.  Even though the bottom surface is in 
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contact with the substrate, we assume that the substrate is inert and will not significantly affect 
this value. 
5.2 Derivation 
We follow Hohne’s approach[1] to calculate the relationship between the melting point 
and the thickness of the lamella, which is an extension of the LHW model.[2-4]   Both models 
are discussed in Chapter 2.  In Hohne’s approach, the thickness is represented with the number of 
carbons in the chain and the excess energy parameter is defined as an excess Gibb’s free energy 
of the surface region.  This surface region however can be more accurately characterized as an 
interface contribution since the data used for the model come from multilayer lamella of 
polyethylene and alkanes and not from single layer samples.  Nevertheless, Hohne’s approach is 
instructive in our derivation. 
The molar enthalpy (ΔHmol) and entropy (ΔSmol) of the system are defined below 
(equation 5.1 and 5.2) as the sum of the contributions from the methylene groups in the alkyl 
chain (ΔHCH2, ΔSCH2), the surface region (ΔHS, ΔSS), the interface between layers (ΔHI, ΔSI), 
and the central plane (ΔHC, ΔSC). 
2
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The Gibb’s free energy of the system is zero at the transition temperature giving us an 
expression of Tm,n as a function of m and n (equation 5.3). 
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Algebraic simplification followed by Taylor expansion (for 1/n) yields the relationship 
between Tm,n and the thickness represented as the product of the number of carbons in the chain 
(n) and the number of layers (m) given below. We define ΔGI, ΔGS, and ΔGC as the excess 
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Gibb’s free energy which are contributed from the interface, surface and central plane regions, 
respectively.  The parity of the system (superscript “p”) allows for a difference in the free energy 
constants depending on whether the system contains an even or odd number of chain segments.  
The details of the derivation are shown in the Appendix. 
 
,
, , , , , ,
1
1                                                                       (5.4)
where: 
 melting temperature of bulk AgSCn
 molar e
P P P
Io S C
m n
o
I S C I S C I S C
o
m G G m G
T T
mn H mn H mn H
G H T S
T
H
    
    
   
    

  2nthalpy per CH
 
This relationship explicitly represents the discreteness of the thickness changes in the 
AgSR lamella as the product of the number of carbons in the chain and the number of layers in 
the denominator.  It also clearly distinguishes the contributions of each excess free energy from 
the surface, interfaces and the central plane in contrast to the original model of Hoffmann and 
Weeks where these terms are all included in a single parameter. The excess free energies can be 
calculated from the plots of the melting point as a function of n and m. 
There are multiple variables/constants that need to be evaluated from our results in 
Chapter 4 namely, T
o, ΔH, ΔGI
ODD, ΔGS
ODD
, ΔGC
ODD
, ΔGI
EVEN, ΔGS
EVEN, and ΔGC
EVEN
. The 
value of T
o
 can be obtained by extrapolating to infinite chain length (1/n = 0) the linear fit to the 
Tm of multilayer AgSCn as a function of chain length (y-intercept) shown in Figure 4.5.  This 
value is 138.8 
o
C (411.9 K).  The value of ΔH (per CH2) is determined from the plot of the 
melting enthalpy as a function of the number of carbons in the chain.  The slope of the linear fit 
to the data shown in Figure 4.10a is the incremental contribution to the enthalpy from the 
addition of one CH2 group in the chain which is 3.85 kJ/mol.  In this work, only a limited amount 
of data is available for parametric fitting (limited number of n and m).  Future work 
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incorporating a larger range of chain lengths and number of layers using a more controlled 
synthesis method is necessary to accurately apply this model and evaluate the unknown 
parameters.  Nevertheless, we attempt to apply this model to the available data in Chapter 4. 
5.3 Evaluating Values of Excess Free Energies 
The model (Equation 5.4) can be used to fit the experimental data as described above but 
it contains too many unknown constants which make the system over-determined.  Therefore, we 
will not be able to obtain absolute values for the free energies.  However, by combining various 
excess free energies in sums and differences the number of unknowns can be reduced and 
relative values of the excess free energies can be obtained.   
There are several strategies that can be used to apply the model to the experimental data 
in Chapter 4. First, the data can be grouped into different number of layers with both odd and 
even chains plotted separately.  For single layer (m=1), equation 5.4 predicts an inverse linear 
relationship between Tm and 1/n with the slope given in equation 5.5.  The total excess free 
energy comes from the contribution of the surface and the central plane (there are no interfaces).  
This can be calculated from the slope of the linear fit in Figure 4.3.  
 
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For 2-layer AgSCn, an interface is introduced and the model also predicts an inverse 
linear relationship between Tm and 1/n.  In this case the slope contains an additional contribution 
from the interface energy as given in equation 5.6.  The plots for the 2-layer AgSR data are 
shown in Figure 4.7.  The large odd/even alternation in Tm for 2-layer samples can be attributed 
to the difference between the interfacial free energies of odd and even chains. 
 2
slope (for m=2)                                                                               (5.6)
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We can also keep n constant and plot Tm vs. 1/m.  The model also predicts an inverse 
linear relationship.  This is shown for AgSC7 and AgSC8 in Figure 4.8 where data is available 
for 1, 2, 3, 4 and bulk multilayer samples (m>10).  The slope of the linear fit is given in equation 
5.7 where n is a constant. 
 
slope (for n=constant)                                                                            (5.7)
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Another way to apply the model to our experimental data is to use all the data points in 
one global fitting to extract the unknown parameters. By fitting the model to the 1, 2, 3, and 4-
layer experimental data, we obtain excellent agreement for all 4 data sets as shown on Figure 
5.2a-d.  The following values of the difference in free energies were obtained: (ΔGI
EVEN
 - 
ΔGI
ODD
) = -1.1 kJ/mol, (ΔGS
ODD
 – ΔGI
ODD
) = -2.7 kJ/mol, and (ΔGC
ODD
 + ΔGI
ODD
) = +0.4 
kJ/mol.  We set the value for (ΔGS
ODD
 – ΔGS
EVEN
) = 0.1 kJ/mol from the single layer results and 
assume that ΔGC
EVEN
 = ΔGC
ODD
. These values are shown graphically in Figure 5.3a.  Note the 
large (10X) disparity between the interface (1.1 kJ/mol) and surface (0.1 kJ/mol) free energies 
due to the odd/even chain length.  The difference (1.1 kJ/mol) of the interface energy between 
even/odd systems is comparable to the value of the enthalpy of melting (~4 kJ per mol –CH2-).  
This difference has a huge effect on melting temperature of the whole lamella. 
It may also be useful to relate these relative differences on an absolute basis.  We can do 
this by assigning an absolute value to any one of the free energy parameters.  In this case we 
choose to assign the value of ΔGI
ODD
 =-13.0 kJ/mol which is the same value as for stacked 
alkanes obtained from the linear plots in Figure 4.5.[5, 6]  The values for all of the free energy 
parameters given on an absolute basis are shown in Figure 5.3b and compared to alkanes and 
polyethylene.  The values of the surface and interfacial energies for polyethylene are assumed to 
be the same in order to be consistent with the experimental results that a single layer melts at the 
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same temperature as the multilayer.  For alkanes, only the value of the interfacial energy can be 
calculated from reported data on multilayer samples.  These excess free energies differ greatly 
from the measured surface energy using contact angle measurements. 
The excess energy due to the central plane in AgSCn has the opposite sign as compared 
to that of the excess interfacial and surface energies.  The effect of the central plane is to increase 
Tm whereas the interfacial and surface energies lower Tm.  This explains the significantly higher 
melting point of AgSCn compared to alkanes with a similar chain length (ΔT = 225K for AgSC7 
vs. C7).  
5.4. Model Limitations 
This model assumes that all of the free energy parameters are constant.  It is the simplest 
model which incorporates all of the key material issues.  The model does provide a good fit for 
the experimental data for the 1-4 layers lamellae.  However, it does not fit the data for the 
multilayers (m>10) very well as shown in Figure 5.4.  We speculate that the multilayer lamellae 
have a different crystal structure than the 1 to 4-layer due to a higher annealing temperature. We 
have no evidence to support this claim at this time but it could be a subject of a future 
investigation.  
An alternative mathematical analysis can be used.  Here we obtain specific values for the 
difference (ΔGI
ODD
 – ΔGI
EVEN
) for each particular layer number “m” using equation 5.4 
assuming ΔGC
ODD
 = ΔGC
EVEN and ΔGS
ODD
 = ΔGS
EVEN
.  This results in a progressive change in 
the difference (ΔGI
ODD
 – ΔGI
EVEN
) decreasing from 1.4, 1.2, to 0,7 for m=2,3, and 4 respectively 
(see Figure 10a).  It would appear that the differences in interfacial energy between odd and even 
chains also scales with the number of layers which could account for the minimal odd/even 
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effect observed for multilayer samples.  However the incorporation of this effect into a new 
model is beyond the scope of this work.  
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5.6. Figures 
 
 
 
 
 
 
Figure 5.1. Schematic of a stacked AgSCn structure showing the different parameters used 
for the derivation of the phenomenological model.   
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Figure 5.2. Comparison of the predicted values of Tm from the phenomenological model 
(lines) to the experimental data for different chain lengths and number of layers 
showing a good fit for 1, 2, 3 and 4 layers AgSCn. 
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Figure 5.3. (a) Comparison of the differences in the excess free energies.  Data points are 
obtained from individual linear fit for different number of layers. The line 
indicates the value obtained from the global fitting. A larger difference of 1.1 
kJ/mol is present for the interface energies compared to 0.1 kJ/mol for the surface 
energies between odd and even chains accounting for the large odd/even effect in 
Tm for stacked samples only. (b) Comparison of the excess free energies with PE 
and alkanes. The GS for alkanes is not known since no studies of purely single 
layer samples are available. 
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Figure 5.4. Comparison of the model prediction and the data for multilayer AgSCn.  The 
main limitation of this proposed model is the large deviation of the experimental 
data to the predicted values.  The model as it is derived predicts a large odd/even 
effect in melting but the experimental data show no significant difference between 
odd and even multilayers. 
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CHAPTER 6 
PRELIMINARY RESULTS: HIGH TEMPERATURE X-RAY DIFFRACTION AND 
LOW CHAIN LENGTH AgSCn 
This chapter presents preliminary results for x-ray diffraction (XRD) studies at different 
temperatures and synthesis of AgSCn with low chain lengths (n=3-6).  These preliminary studies 
can serve as foundations for future areas of research in AgSCn.  The high temperature XRD 
study of AgSCn aims to determine changes in the lamellar structure at different temperatures 
especially close to the melting point.  AgSCn with lower chain lengths will show the limits of the 
new synthesis method and also interesting melting characteristics.   
6.1. High Temperature XRD of AgSCn 
6.1.1. Introduction 
Measurement of temperature dependent changes in materials is important in 
understanding structural dynamics. In the case of lamellar crystals of polymeric materials 
containing a long alkyl chain, these changes are often observed as pre-melting phase transitions.  
For alkanes, it is well-known that there are several rotator phases formed at temperatures below 
the melting point.[1] Vesicles in solution containing lipid-bilayer lamella in its walls also 
undergo a pre-melting transition from an ordered gel phase to a “ripple” phase. [2, 3] In lamellar 
AgSCn, studies of the structure changes at different temperature using temperature-controlled 
infrared spectroscopy also showed a pre-melting transition which begins at 30K below the 
melting point.[4]  The absorbance peaks for the symmetric and anti-symmetric stretching of the 
CH2 are used to determine the amount of disorder in the AgSCn crystal at different temperatures.  
There is an observed gradual shift in the absorbance peak to higher wavenumbers indicating a 
higher degree of disorder prior to melting.   
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This work aims to study AgSCn lamella at different temperatures using temperature 
controlled XRD analysis.  The periodic series of intense reflections due to the lamellar structure 
of the AgSCn crystals will be determined at different temperatures up to the melting point.  
Previous works on high temperature XRD of AgSCn only showed results for the diffraction 
results above the melting point.[5]  A more systematic study particularly at temperatures close to 
melting has not been done and thus this work will aim to determine any structural changes prior 
to melting. 
6.1.2. Experimental Section 
The AgSCn samples are multilayer lamella grown on (001) Si substrates using the vapor 
phase synthesis method described in our prior work.[6]  In summary, Ag clusters (5 Å) are 
deposited onto the substrates via thermal evaporation in ultra-high vacuum (5 x 10
-8
 Torr) and 
then exposed to alkanethiol vapor for 3 days.  Once the reaction is complete, the substrates are 
annealed under vacuum (1 x 10
-7
 Torr) to T=115 
o
C with exposure to peak temperatures for 4 
hours followed by passive cooling to room temperature (24 hours total).  This method grows 
large multilayer crystals as shown in the AFM and XRD results in Figure 6.1 for AgSC11 used 
for this experiment. 
Temperature controlled XRD analysis is carried out in a Philips X’pertTM diffractometer 
using parallel Cu Kα (1.5418 Å) radiation with a point focus.  The beam intensity is 45 kV and 
40mA with a Ni foil filter used to attenuate the Cu Kβ component.  A dome-shaped Anton-Parr 
DHS900 hot stage accessory is used for the high temperature studies.  Temperature 
measurements are done using a NiCr-Ni thermocouple attached to the heating stage.  Feedback 
control to achieve a desired heating rate and temperature is done using a temperature control unit 
(TCU-150).  The heating rate is 1-2 K/min and each measurement is started after a 5min soak at 
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the different temperatures to ensure thermal equilibrium between the sample and the heating 
stage.  Measurements are done in low vacuum (1 x 10
-3
 Torr).  Scans are done with 0.01
o
 
resolution with 3s soak time at each angular step.  JADE
TM
 software is used for data analysis 
including baseline removal and peak fitting.  
6.1.3. Results and Discussion 
The 2θ/ω scan results at different temperatures are shown in Figure 6.2 for multilayer 
AgSC11.  At around 80 
oC, there is an observed “new” lamellar reflection which comes from the 
splitting of the original (0k0) phase into 2 peaks. These new peaks are shifted to lower 2θ values 
which indicate that the lamellar thickness is larger than the original phase. We index this new 
peak as (0k0)’.  As the temperature is increased, the original (0k0) peaks decrease in height while 
the new (0k0)’ peaks become more dominant.  There is a complete transformation from the old 
to the new phase at around 110-115 
oC.  These (0k0)’ peaks subsequently decrease with further 
temperature increase close to the melting point as shown in Figure 6.3.  The plot of the peak 
height as a function of temperature shown in Figure 6.4 for both the original and the new phase 
using the (030) and (030)’ peaks highlights this transformation. 
This transformation is also not reversible.  Figure 6.5a shows the diffraction results for 
samples that have been heated to above 80 
oC and shown to have the new (0k0)’ peaks and then 
cooled down to 35 
o
C.  The original peak (0k0) is reversible as shown in Figure 6.5b for samples 
that have not yet shown the transformation (heated to only 75 
o
C and then cooled to 35
o
C).  
Interestingly, the peaks for the (0k0)’ phase at the lower temperature has a lower 2θ value 
indicating that the lamellar thickness of the new phase is higher at 35 
o
C than at 105 
o
C.  This 
result is surprising since it could indicate a negative coefficient of thermal expansion for the 
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(0k0)’ phase.  For the original phase (0k0), the peaks at higher temperature are shifted to lower 
2θ values indicating a positive thermal expansion coefficient.   
The thickness of the lamella as function of temperature, using the calculated values from 
the original (0k0) peaks, is shown in Figure 6.6.  The coefficient of thermal expansion can be 
calculated from the slope of the linear fit to the data.  For AgSCn, the calculated value is 110 
ppm/
o
C which compares well with reported values for polyethylene lamella (100-300 
ppm/
o
C).[7, 8] 
The observation of this new (0k0)’ peaks indicates that the AgSCn lamella undergoes a 
pre-melting transition which changes the lamellar structure (thicker lamella). Similar observation 
has been reported for studies using temperature dependent infrared spectroscopy.[4]  However, 
the structure of this new phase in not yet known.  Based on our XRD results, we know that this 
new phase has a higher lamella thickness which could come from either a change in tilt or the 
expansion of the interfacial gap between layers.  Detailed studies of the structure at different 
temperatures using different analytical techniques are needed in order to determine this new 
phase.  
6.2. AgSCn with Low Chain Lengths     
As discussed in the phenomenological model section, more data in terms of a wider range 
of chain length and number of layers are needed in order to have a more accurate parametric 
fitting analysis.  However it becomes increasingly difficult to control the synthesis method in 
order to make monodisperse crystals with more than 2 layers.  There is a very limited 
temperature range available for annealing before a multilayer crystal dominates the final product.  
Results for 3 and 4-layer samples are only available for AgSC7 and AgSC8.   
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Another level of complexity is the issue of growing samples with lower chain length 
(n=3-6).  Table 6.1 shows the chain lengths (n=3-18) and number of layers (m=1, 2, 3, 4,…) that 
have been successfully synthesized.  It also shows the substrates used and characterization 
techniques done for each sample.  Interestingly, the controlled synthesis of AgSCn with lower 
chain lengths shows some issues.  For multilayer samples, only the odd chains (AgSC5 and 
AgSC3) can be grown on all the substrates including the nanocalorimetry sensor.  For the even 
chains, multilayer samples can only be grown on sapphire (which has the lowest rms roughness) 
and thus nanocalorimetry is not possible (SiNx substrate has 5x more rms roughness than 
sapphire).  It is interesting to note that at these lower chain lengths the roughness of the substrate 
seems to play a significant role.  Perhaps the roughness of the substrate does not allow the short 
chain to align in such a way as to maintain the lamellar structure.  For long chains, the van der 
Waal’s interaction between chains is stronger (more CH2 groups) compared to short chains, thus 
any misalignment due to the substrate roughness (which can affect the chain position and 
orientation) can be compensated.  The results also indicate that the odd chains are more stable 
than the even chains (supported by a higher melting point for odd chains) thus synthesis of 
lamellar AgSC3 is possible whereas AgSC4 can only be grown on sapphire. 
AFM and XRD characterizations of AgSC5 and AgSC3 are shown in Figures 6.7a-b and 
6.8a-b.  Both samples show large multilayer lamella from the AFM micrographs.  The lamellar 
thickness calculated from the XRD data is consistent with previous reports[9] and follows the 
linear trend presented in Figure 4.9. 
The nanocalorimetry results for multilayer AgSC5 and AgSC3 are shown in Figures 6.7c 
and 6.8c.  For AgSC3, the melting temperature is 35 
o
C higher than the other multilayer samples.  
It is possible that AgSC3 undergoes a different phase transition, perhaps from a lamellar smectic 
112 
 
A liquid crystal to a micellar phase previously proposed by Baena.[10]  This indicates that the 
as-grown lamellar crystals of AgSC3 may not be crystalline and thus different than the higher 
chain length AgSCn samples.  Baena also showed a slight increase for the phase transition 
temperature of lower chain length samples (AgSC4 powders from solution).[10]  In this work, 
AgSC5 also shows a slightly higher melting temperature compared to the lonegr chain length 
samples (AgSC7…).  The plot of the melting temperature vs chain length for the multilayer 
samples is shown in Figure 6.9. 
Attempts to grow 1-layer and 2-layer samples of both AgSC5 and AgSC3 are not 
successful.  Even samples with only 0.5 Å of Ag and annealed to below 50 
o
C still yielded 
multilayer crystals.  This is maybe due to a higher surface diffusion of shorter chains (smaller 
species).  We believe that the growth of multilayer lamella involves large lateral surface 
diffusion and vertical growth of AgSCn species.  For longer chains, this requires a high 
annealing temperature close to the melting point.  However, for shorter chains, even a low 
temperature anneal allows for this surface diffusion and vertical stacking; thus the multilayer 
crystal always dominates.  A new synthesis method is needed in order to grow samples of shorter 
chain lengths with a precise number of layers.  A proposed method involving layer-by-layer 
growth is presented in Chapter 8. 
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6.4. Figures and Tables 
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Figure 6.1. (a) AFM micrograph of multilayer AgSC11 samples used for the high 
temperature XRD study. (b) XRD results showing periodic lamellar reflections 
indexed as (0k0) at room temperature.  The average layer thickness is 3.18 ± 
0.01nm consistent with previous results. 
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Figure 6.2. XRD results at different temperatures.  There is a new peak observed around 80-
85 
o
C which comes from the splitting of the original (0k0) peaks into two peaks.  
The peak height of the new peak, (0k0)’, increases with further increase in 
temperature until the original peak completely disappears at around 110-115
o
C.  
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Figure 6.3. XRD results for the new (0k0)’ peaks as the temperature is increased up to the 
melting point.  Above the melting point, the lamellar reflections disappear. 
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Figure 6.4. Plot of the peak height as a function of temperature for both the original (0k0) and 
the new (0k0)’ phases.   
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Figure 6.5. (a) Reversibility experiment for samples that have been heated to 105 
o
C showing 
both the (0k0) and (0k0)’ phases present after cooling.  (b) The original (0k0) 
phase is reversible for samples that have been heated to temperatures below 80 
o
C 
when the new (0k0)’ phase has not yet formed. 
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Figure 6.6. Plot of the lamellar thickness as a function of temperature.  Values are calculated 
from the original (0k0) peaks.  The calculated CTE of AgSCn is comparable to 
lamellar polyethylene. 
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Figure 6.7. (a) AFM and (b) XRD results for multilayer AgSC5. (c) Nanocalorimetry results 
showing a melting transition at 138.4 
o
C.  
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Figure 6.8. (a) AFM and (b) XRD results for multilayer AgSC3. (c) Nanocalorimetry results 
showing a melting transition at 170.8 
o
C.  This melting temperature is 
significantly higher than other chain lengths. AgSC3 may undergo a different 
phase transition from a smectic A lamellar phase to micellar phase compared to 
the crystalline to micellar phase transitions present in other chain lengths.  
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Figure 6.9. Plot of Tm vs. chain length for multilayer AgSCn.  Higher melting point is 
observed for AgSC3 and AgSC5.  Data for AgSC4 obtained from reported values.[10]   
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Table 6.1. Summary table for the available data for AgSCn with n=3-18 and different 
substrates.  Red boxes highlight the unsuccessful synthesis of AgSCn. 
 
Sample Sapphire (1) Silicon (2) SiN (3) XRD AFM Calorimetry
C3 M M M 1, 2 , 3 1, 2, 3 M Labels
C4 M X X 1 1 X M = Multilayer
C5 M M M 1, 2 , 3 1, 2, 3 M S = Single Layer
C6 M X X 1 1 X D = 2 Layers
C7 S, D, M S, D, M S, D, M 1, 2 , 3 1, 2 , 3 S, D, M X = Sample not formed
C8 S, D, M S, D, M S, D, M 1, 2 , 3 1, 2 , 3 S, D, M NA = Not Available
C9 S, D, M S, D, M S, D, M 1, 2 , 3 1, 2 , 3 S, D, M 1 = Sapphire
C10 S, D, M S, D, M S, D, M 1, 2 , 3 1, 2 , 3 S, D, M 2 = Silicon
C11 S, D, M S, D, M S, D, M 1, 2 , 3 1, 2 , 3 S, D, M 3 = Silicon Nitride
C12 S, D, M S, D, M S, D, M 1, 2 , 3 1, 2 , 3 S, D, M
C13 NA NA NA NA NA NA
C14 S, D, M S, D, M S, D, M 1, 2 , 3 1, 2 , 3 S, D, M
C15 S, M S, M S, M 1, 2 , 3 1, 2 , 3 S, M
C16 S, M S, M S, M 1, 2 , 3 1, 2 , 3 S, M
C17 NA NA NA NA NA NA
C18 S, M S, M S, M 1, 2 , 3 1, 2 , 3 S, M
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CHAPTER 7 
ANOMALOUS TRANSITIONS OF DODAB USING FAST SCANNING LIQUID 
CALORIMETRY 
This chapter presents the design, fabrication and application of a new capillary-based fast 
scanning liquid calorimeter.  This is inspired by the thin film nanocalorimetry device previously 
developed in our group and used in the study of AgSCn in the previous chapters.  There are 
systems that can only be studied in solution and thus there is a need for the development of liquid 
calorimeters.  This is applied to a model vesicle solution composed of lipid bi-layer lamella in 
the vesicle walls and thus can be related to the previous work in AgSCn.  
7.1  Abstract 
 Anomalous melting transitions are observed on dimethyl dioctadecyl ammonium bromide 
(DODAB) using a fast-scanning liquid calorimeter. A single transition is observed at low scan 
rates (1 K/min) while up to four peaks are evident at high scan rates (60K/min). These 
deconvoluted transitions are signatures of the basic properties of the transition kinetic landscape 
which are convoluted into a single peak at low scanning rates.  The technique is also applied to 
the proteins Rnase A, Lysozyme and Cytochrome P450.   The calorimeter is a glass capillary 
uniformly coated with Ag, which acts both as the heating element and resistive thermometer.  
7.2. Introduction 
The core material physics of biological systems such as protein folding are often buried 
by the nature of the measurement method. Theoretical models have predicted multiple 
intermediate states in the unfolding process [1]. The path of the overall transition follows a 
kinetic landscape involving many steps - each step kinetically driven by their own time constant 
and activation energy.  Computer simulations of lysozyme unfolding show that the different 
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secondary structures unfold at different times [2]. The unfolding of cytochrome P450 has also 
been proposed to occur with at least three intermediate states [3].      
However, measurements of these interesting but buried phenomena have yet to be 
realized.  Therefore, it is useful to probe these materials using a fast scanning method which has 
access to a broad range of measurement time-scales.  This may provide a gateway to deconvolute 
the basic steps of the transition process. 
Thermal analysis has been a useful method in characterizing and uniquely labeling 
biological systems (i.e. determining the enthalpy, Hm, and temperature of the transition, Tm).  
However, current liquid calorimetry methods have limited utility in probing the multistep 
processes since the scanning rate of most conventional systems is too slow - 1K/min.  Recently, 
progress has been made in developing devices with low sample volume but little has been 
reported regarding expanding the range of scanning rates [4-10]. 
In recent years adiabatic MEMS-based fast scanning nanocalorimeters with  picojoule 
sensitivity have been developed [11-13] and applied to various material systems including 
“magic” number studies in metal nanoparticles [14, 15], polymer thin films [16], and self 
assembled alkanethiol lamella [17].  Recently, we have been able to measure the melting 
transition for a single layer alkanethiolate lamellar crystal synthesized on our nanocalorimetry 
sensor using gas phase methods [18].   However, the application of this method is limited to the 
thin film samples that are stable in vacuum. This method is not applicable to most biological 
systems of interest (denaturation of biological macromolecules like proteins and DNA, vesicle 
formation of lipids, and binding of small molecules to enzymes) since these materials are usually 
in the form of dilute aqueous (liquid) solutions.  Conventional calorimeters which are now 
commercially available have heating rates of several hundred of K/min and can be used to study 
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organic systems.  However, these systems are not typically applied to liquid solutions. 
Specialized liquid calorimeters are commercially available but require relatively large amounts 
of samples and perform at slow heating rates.  For example, the Microcal
TM
 Cap-DSC system 
has a cell volume of 130 μL and achieves a heating rate only up to 4 K/min.   
In this paper, we present a capillary-based liquid calorimeter with fast heating rate.  It 
features a calorimetric cell with 30 ± 2 μL sample volume. High scanning rates are limited only 
by the radial temperature gradient in the capillary-enclosed sample. Only inert glass surface is in 
contact with the sample during the test. The working element of the tool – metalized glass 
capillary – can be made by a simple one-step metallization procedure. 
We investigate the phase transitions of a model system dimethyl dioctadecyl ammonium 
bromide (DODAB) and proteins such as Rnase A, Lysozyme and Cytochrome P450.  At low 
scan rates the thermal transitions of all of the material are consistent with those obtained with 
slow scanning rates using conventional calorimeters.  Values of Tm and Hm match those posted in 
the literature using conventional calorimeters such as Microcal
TM
 system which is used in this 
study as the standard measurement technique.  
7.3.  Experimental Section 
7.3.1. Liquid calorimeter device fabrication and operation 
The liquid calorimeter device consists of a glass capillary uniformly coated with Ag as 
shown in Figure 7.1.  In detail, the calorimeter is made of borosilicate-glass capillary with an 
inner diameter of 0.90 mm, wall thickness of 0.25 mm and length of 10 mm as shown in Figure 
7.1(a).  A 100 nm thin film of silver with 10 nm chromium adhesion layer is deposited on the 
surface of a 50 mm segment via thermal evaporation.  A uniform thickness is achieved by 
rotating the capillary during evaporation. The Ag thin film serves both as a heater and as an RTD 
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thermometer. Stable electric characteristics of the coatings are achieved by annealing them in 
vacuum of ~10
-7
 Torr at 200 
O
C for 12 h followed by burn-in in the typical experimental 
conditions for several heating cycles. Custom-made liquid feedthrough to the vacuum chamber 
allows external injection of a liquid sample using a syringe pump. The open ends of the capillary 
are connected to the feedthrough via PTFE and polyolefin heat-shrink tubes.  
The Ag coating is patterned with four pads that are in mechanical contact with 25 m 
diameter silver wires for 4-point probe resistance measurements.  The circuit diagram of the 
measurement set-up is shown in Figure 7.1(b). DC power supply (HP 3632A) voltage is fixed to 
30 V.  The current limiting resistor R1 is the combination of low TCR metal foil resistors 
(Vishay Inc.) and determines the heating rate. The resistance of R1 is varied from 100 to 300 Ω 
which corresponds to the heating rate from 60 to 6
 O
C/min.  The current through the cell I is 
calculated from the voltage drop across a 5 Ω resistor, R2.  The voltage drop across the cell V is 
measured using a high precision digital voltmeter (HP 3458).  The cell resistance, R = V/I 
(typical values are around 5 Ω), is used to calculate the temperature of the cell via the 
temperature-resistance calibration curve obtained beforehand for each cell.   A class A Pt RTD 
(Omega Inc.) is used as the temperature reference during the calibration. 
The temperature uniformity of the device during operation is expected to be very 
excellent at the heating rates used in the experiment.  The degree of temperature uniformity is 
limited by the radial temperature gradient in the capillary-enclosed sample which is controlled in 
part by the low thermal conductivity of water.  The maximum temperature gradient is between 
the solution at the center of the capillary and the thin film heater.   Thus, uniform temperature is 
achieved by the designing the capillary with a small diameter.  In our case, the thermal time 
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constant (th) calculated using the diffusion equation for this system is negligibly small (th <<1s) 
with the maximum temperature variation of only T ~ 0.3K at 40K/min heating rate. 
Measurements of the sealed capillary are performed in vacuum of 10
-3
 to 10
-7
.  The 
calorimeter operates typically in the range of 20-80 
O
C with a temperature resolution of 0.1 
O
C.  
This resolution is maintained at the higher scan rates by increasing the reading rate from 36 
readings/min for slow scans to 720 readings/min for fast scans. The heat capacity of the 
calorimetric cell is calculated as follows: 
T
timeVI
T
timePower
dT
dU
Cp






***
                     (1) 
The Cp of the sample is determined from the difference between the Cp of the solution 
and the Cp of the solvent.  The Cp of the solvent is approximated as a fourth order polynomial fit 
to the plot of Cp as a function of temperature.  Correction for heat loss is also accounted in this 
baseline subtraction.   
7.3.2. Sample Preparation 
Four aqueous solutions of different biological materials are used in this study.  DODAB 
is a model organic system which forms large polydispersed vesicles that mimic the membrane 
which constitute the walls of biological cells [19].  A solution in deionized water (18.2 MΩ*cm 
resistivity at 25 
O
C) is heated up to 60 
O
C for 30 min with constant vigorous stirring following 
the reported preparation method for vesicle formation [20].  The Rnase A from bovine pancreas 
and Lysozyme from chicken egg white were purchased from Sigma and used without further 
purification.  Solutions are prepared using 40 mM glycine/HCl buffer at pH 2.5 as solvent and 
filtered with a 0.22 um syringe filter prior to use.  Cytochrome P450 is a heme-cofactor 
containing enzyme which is involved in the synthesis and reactions of lipids and steroids and the 
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first line of defense against drugs and xenobiotics [21].  It is dissolved in 0.1 mM phosphate 
buffer at pH 7.4 and dialyzed prior to use. 
7.4.  Results and Discussion 
Calorimetry results using scan rates of ~10 K/min for DODAB are shown in Figure 7.2.    
The heat capacity (Cp) data for a 3mM solution of DODAB averaged over 65 samples is shown 
in Figure 7.2a. As expected the main phase transition is detected at Tm = 45
O
C and attributed to 
the transition from an ordered gel phase to a liquid crystalline phase [22]. A smaller peak at 37
0
C 
is attributed to a subgel pre-transition [23].  These results are the same as those obtained using 
conventional liquid calorimeters operating at their maximum scan rate of 4 K/min. The measured 
values of the heat of transition Hm = 42 kJ/mol and Tm are consistent with the reported values 
( Tm = 42-45
o
C and Hm = 40-50kJ/mol.) [19, 22, 23].  As shown in Figure 7.2c, the value of Hm 
(mJ) scales directly with molar concentration of DODAB while Tm is independent of molar 
concentration over the range of concentration investigated.  
Figure 7.3 shows the heat capacity plots for the three protein test systems averaged over 
10 samples. The plots show a very broad transition peak associated with the unfolding of the 
protein structure.  Table 7.1 shows a good agreement between our device and the industry 
standard Microcal
TM
 VP-DSC. These calorimetry data of DODAB and proteins indicate that at 
slow rates our 30L calorimeter gives results which are the same as conventional systems even 
though the volume of solution is much lower. 
A key new finding is that when the calorimetry analysis is done at high scan rates - 
multiple transitions are observed (DODAB). As shown in Figure 7.4a, the nature of the transition 
for DODAB changes progressively from a single transition to multiple transitions (peaks) as the 
scan rate increases.  We used the multiple-peak fitting model in the Origin
TM
 data analysis 
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software for peak deconvolution into 4 separate peaks as shown in Figure 7.4b. The overall 
transition at 40K/min separates into 4 different peaks with the onset and maxima for each 
separated by ~ 1K.    Note that the transition does not just broaden as would be expected from 
instrumentation effects (e.g. thermal lags) but the transition deconvolutes into distinctly separate 
processes at high rates. The total integrated transition enthalpy is approximately the same for 
both single (low scan rate) and multiple (high scan rate) transitions. We do not attribute this 
effect to instrumentation artifacts (e.g. temperature, resolution, thermal uniformity) as evidenced 
by the subgel transition (37
o
C) which remains relatively invariant to scan rate.   
We suggest that the overall transition of DODAB is actually comprised of multiple (at 
least 4) transitions that occur at all scan rates. At low scan rates, only a single peak is observed 
due to the inherent broadness of the transitions themselves. Even when using the Microcal
TM
 VP-
DSC system with a temperature resolution of 0.5
o
C, only a single peak (FWHM ~ 1.4
o
C) is 
observed. However at high scan rates the kinetic attributes of each individual process are 
sufficiently different so as to allow just enough time/temperature separation for the transitions to 
be resolved. Experiments of the protein samples have not yet been done at these high rates. 
To our knowledge, this effect of peak separation has not been reported to date.  We offer 
two possible models for the effect.  The first is based on the presence of multiple 
domains/regions in the typical single-bilayer vesicle, whereas the second model suggests that the 
sample consists of vesicles with four different wall thicknesses (1-bilayer to 4-bilayers).  
The first idea is that the melting transition may not occur in a single step due to distinct 
domains present in the bilayer structure. Recent studies on the liquid crystal to coagel phase 
transformation of DODAB show a non-synchronous behavior between the tail and head groups 
due to different interactions with the environment.  This behavior suggests the presence of 
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distinct segments within the DODAB bilayer which could melt at different temperatures [24]. 
Molecular dynamic simulations also show that the bilayer exists in a “ripple” like arrangement 
where two distinct domains are present; the “zipped” domain where the long alkane chains of the 
upper and lower monolayers are interdigitated with a thickness of 2.4nm and an “unzipped” 
domain where the monolayers are separated by a distance with a thickness of 4.0nm.  The 
individual DODAB molecule also has different domains.  The carbon atoms closest to the N 
head group (C1-C5) are less ordered compared to the extended chain (C6-C17) [25].   
The second idea is based on the nature of size-dependent properties of materials.  It is 
proposed that the material is composed of vesicles with walls composed of different number of 
bilayers.  Typical DODAB solutions contain vesicles with walls of 1-bilayer, 2-bilayers, or larger 
multilayers of DODAB as well as bilayer fragments [20, 26]. The distribution of thicknesses in 
the initial sample solution depends on the synthesis method.  We suggest that our solution 
contains a distribution of four different layer thicknesses (1-layer to 4-layer) and are observed as 
the 4 different maxima in the Cp data obtained at high heating rates. This size-dependent melting 
phenomenon is well known for layered lamellar structures: thin layers melt at lower temperatures 
compared to thick layers [27, 28].  
Single-bilayer vesicles are the most common type of vesicles and are expected to be the 
most stable.  The size of the vesicles may not be static, e.g. sonication can dramatically change 
the size distribution [26].  In our case individual vesicles may change in time due to the 
phenomenon of “swelling”; liquid passing into the interior region through the DODAB 
membrane.  Swelling inherently increases membrane surface area and at the same time decreases 
layer thickness.  We note that the reverse process (shrinking of vesicles) has also been observed, 
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e.g. water  depleted (evaporation) from the vesicle produces dry multilayer vesicles (empty) 
shells which give  rise to lamellar reflections in XRD studies [29].  
The calorimetry scanning rate is important because it controls the dynamics/kinetics of 
swelling. At low scan rates swelling of the vesicle allows all of the metastable multilayered 
vesicles to transform into the most stable single-bilayer vesicles.  Therefore at low scan rates we 
observe only one melting point since all of the vesicles will be 1-bilayer vesicles.  However at 
high heating rates calorimetry captures the system before appreciable swelling occurs and thus 
four different melting temperatures are observed.  As expected no additional melting peaks are 
observed when scanning at even faster rates since only four different sizes are present in the 
original solution.  
There are other examples of systems which also show multiple discrete size distributions 
in both gas clusters[30] as well as surface clusters [31, 32] of metals.  Magic sizes are observed 
in metal [15] as well as layered silver thiolate systems using nanocalorimetry [15], which is an 
analogous system to the one used in this study.  
7.5.  Conclusion 
In summary, we have developed a capillary based calorimeter with 30L sample volume.  
The device also achieved the fastest heating rate of 60 K/min reported for a liquid calorimeter.  
At high heating rates an anomalous presence of multiple peaks are observed for the DODAB 
phase transition.  At low scan rates the phase transition temperature and heat of fusion of 
DODAB, Rnase A, Lysozyme and Cytochrome P450 are consistent with reported values using 
Microcal VP-DSC.    
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7.7. Figures and Tables 
 
 
 
Figure 7.1. (a) Schematic and cross-sectional profile of the capillary calorimeter cell.  Small 
silver wires are used to connect the thin film heater to the 4-point probe resistance 
meter.  (b) Circuit diagram of the calorimeter.  R2 is composed of Vishay
TM
 
resistors with low temperature coefficient of resistivity (TCR). 
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Figure 7.2. (a) Heat capacity of an aqueous solution of DODAB with phase transition at 45
0
C 
and a smaller pre-transition peak at 37
0
C. (b)  Plot of the heat applied to the 
system for 3 different DODAB concentrations (1mM, 2mM and 3mM).  The plot 
for the pure solvent (water) is plotted for comparison.  Plots have been offset on 
the vertical scale for clarity.  (c) Heat of transition of DODAB as a function of 
concentration showing a good linear trend.  The transition temperature is also 
plotted showing consistent results on different samples.  Data at 400nanomols is 
from a Microcal Cap-DSC calorimeter. 
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Figure 7.3. (a) Heat capacity plot for Rnase A with a total sample size of 66 nanomols in the 
capillary cell.  (b)  Plot for 89 nanomols of Lysozyme (c) Cp plot for 8 nanomols 
of Cytochrome P450.  Broad peak transitions are consistent with protein 
unfolding behavior. 
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Figure 7.4. (a) Heat capacity plot of 3mM DODAB at different heating rates.   Anomalous 
multiple peaks at the phase transition are observed at high heating rate.  Only a 
single peak is present at slow heating rates using Microcal VP-DSC and our 
system. (b)  The multiple peaks can be deconvoluted into four peaks using the 
multiple-peak fitting program in Origin
TM
. 
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Table 7.1. Comparison of results from the new capillary liquid calorimeter in this work with 
Microcal
TM
 VP-DSC. 
 
This work Microcal This work Microcal
Dodab 45 45 42 42
Rnase A 56 56 310 342
Lysozyme 65 66 525 510
Cytochrome P450 50 48 1000 970
Tm ( C ) H (kJ/mol)
Test System
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CHAPTER 8 
SUMMARY AND FUTURE WORK 
This chapter presents the summary of the results presented in previous chapters and the 
proposed future works that will continue to explore the thermodynamics of layered lamella. 
8.1. Summary 
This dissertation presents a systematic, fundamental thermodynamic study of the melting 
of layered lamella crystals.  This work combines the unique ultra-sensitive, thin-film 
nanocalorimetry technique and the precisely controlled synthesis method for layered lamella of 
AgSCn.  Furthermore, a possible biological implication of lamella crystal using a model lipid bi-
layer vesicle analogous to biological membranes is studied using a new capillary-based liquid 
calorimeter with fast heating rates. 
The controlled synthesis method uses the reaction of thermally evaporated Ag clusters 
with alkanethiol vapors on different surfaces.  Two independent parameters are controlled in 
order to grow AgSCn lamella with precise number of layers: the amount of Ag deposited on the 
substrates and the annealing temperature after the exposure to alkanethiol vapors.[1, 2]  With 
these parameters, monodisperse samples with 1 and 2 layers are successfully grown.[2]  These 
samples allow for a systematic layer-by-layer study of the melting behavior of the lamella.  
Comparison of 1 and 2-layer samples allows for the study of the effects of the surface and 
interlayer interface in the lamellar crystal.  
Size-effect melting is observed in the melting of 1-layer AgSCn with the melting point 
inversely proportional to the thickness of the lamella (number of carbons in the chain).  The 
change is thickness is in discrete increment due to the addition of one CH2 group to the alkyl 
chain.  This discrete thickness change results in a discrete increase in the melting point which is 
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analogous to the magic-size melting of metal clusters.  Size-effect melting has also been 
observed in other lamella systems such as alkanes and polyethylene where the same inverse 
linear relationship is well known.[3]  However, two differences are observed when comparing 
our results with lamellar alkanes.  First, for the same chain length, AgSCn melts at a significantly 
higher temperature than alkanes.[4]  This is attributed to the differences in structure particularly 
the presence of the Ag-S network in the central plane for AgSCn.  This network of covalently 
bonded Ag-S atoms increases the melting point as has been observed for other self-assembled 
systems such as monolayers of alkanethiols on gold or silver.  Secondly, there is an absence of 
the odd/even effect in the melting of 1-layer AgSCn which is a well-known phenomenon for 
multilayer alkane lamella.[4]  This result is surprising and may indicate that other lamellar 
systems will also not exhibit the odd/even alternation in the melting point for purely 1-layer 
samples that do not contain interlayer interfaces. 
The 2-layer AgSCn lamella offers a fundamental study of the effect of interfaces in the 
melting behavior of layered systems.  With the introduction of 1 interlayer interface, a significant 
increase in the melting point is observed.  This result is surprising since this behavior has not 
been observed for polyethylene where there is no difference in the melting point of a 1-layer and 
multilayer lamella.[3, 5]    
Another important result is the presence of odd/even alternation in the melting point 
where the odd chains melt at a higher temperature than the even chains.  This odd/even effect 
persists for samples with 3 and 4 layers.  This unambiguously shows that the odd/even effect is a 
result of the introduction of an interface to the layered lamella.  This would explain why 
multilayer alkanes also show this odd/even alternation in the melting point which has been 
previously associated as an effect of stacking.  However, this conclusion is made without data to 
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show that unstacked 1-layer alkanes do not show this odd/even behavior.  In this work, results of 
the 1-layer and 2-layer AgSCn conclusively show that this odd/even alternation is due to the 
effect of stacking layers in the lamella. 
The odd/even effect in melting can be explained by differences in the structure of odd 
and even chains which results in different interlayer interfaces.  The orientation of the terminal 
methyl group is different between odd and even chains due to the tilt of the alkyl chain backbone 
relative to the surface normal.  For odd chains this terminal methyl group is oriented away from 
the surface normal while for even chains, the methyl groups are oriented towards the surface 
normal.[6]  This difference in orientation affects the methyl group packing at the interface when 
two layers are brought together to form a stacked lamella.   
The odd/even difference in the structure has also been shown in the lamella thickness 
measured in XRD.  For the first time, analysis of the layer thickness has been separated between 
odd and even chains.  Results show that both odd and even chains have the same tilt relative to 
the surface normal (18
o) but have different van der Waal’s gap at the interface (Δgap = 0.35Å).  
The odd chains have lower gap (more closed packed).  This result could explain the odd/even 
effect in melting since the same phenomenon has been shown for alkanes.  Boese have shown 
that the interlayer packing of even alkane chains is more closed packed compared to odd chain 
which explains why even alkanes have a higher melting point.[7]  
Size-effect melting is also observed as a function of the number of layers.  The discrete 
change in thickness is due to the addition of one layer.  The same inverse linear relationship 
between the melting point and the number of layers has been observed.  This behavior is again 
analogous to size-effect melting of magic-sized systems where a discrete increase in thickness 
shows discrete increase in the melting point. 
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A multi-variable phenomenological model is developed in order to explain the results of 
the nanocalorimetry melting study. Size-effect melting is associated with excess free energy of 
the system consistent with previous models for the melting of other lamellar crystals.[8-11] In 
this work, the phenomenological model separates the contributions to the excess free energy 
from spatially separated components of the structure: the surfaces composed of free terminal 
methyl groups, the interlayer interfaces and the central plane of Ag-S network.  Application of 
the model to the experimental data yields parametric values for the excess free energies of the 
surface, interface and central plane.  The large odd/even effect in the melting is associated with a 
large difference in the interfacial free energy between odd and even chains (1.1 kJ/mol) which is 
10x that of the difference in surface energy (0.1 kJ/mol).  This small surface energy difference 
accounts for the lack of the odd/even effect for single layer AgSCn. 
Preliminary work on the high temperature XRD analysis of multilayer AgSCn lamella 
shows a possible pre-melting transition where the original lamella is converted into another 
layered lamella with a higher thickness.  Further analysis of the structure at different 
temperatures is necessary to determine this transition.  
This dissertation also presents the design and fabrication of a new capillary-based liquid 
calorimeter with fast heating rates.  This has been used to study the melting a model lipid bilayer 
vesicle system of DODAB in solution.  An anomalous multiple peaks in the phase transition is 
observed at higher heating rates.[12]  This may be due to the presence of vesicles with different 
number of layers in the vesicle walls.  The lipid bilayer in the vesicle walls can be viewed as thin 
lamella which is analogous to biological membranes.  This new liquid calorimeter has also been 
used in the study of the unfolding transition of several proteins. 
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8.2. Future Work 
Continuing works related to this project include the development of a new controlled 
synthesis method and engineering of the interlayer interfaces by the use of functional group 
terminated alkanethiols. 
A new synthesis method using an in-situ layer-by-layer growth of the AgSCn lamella can 
be developed.  This method will be similar to the atomic layer deposition technique.  Silver 
deposition, alkanethiol exposure, and annealing will be done in-situ in the same vacuum 
chamber.  Silver can be thermally evaporated with precise control of the amount deposited using 
the same method as in this work via a quartz crystal monitor coupled with a photodiode to 
control the amount of time the substrate is exposed to the evaporated Ag vapors.  Alternatively, 
Ag can be deposited using a carrier gas with a gaseous form of Ag attached to an organic ligand.  
Alkanethiol exposure will be done in the vapor phase where a precise amount of alkanethiol will 
be introduced to the chamber via a mass flow controller.  The substrates can be placed on a 
heating stage which will be used for the annealing after alkanethiol exposure.  These steps can be 
repeated to increase the number of layers in the lamella. 
Engineering of the surface energy can also be done by using alkanethiols with functional 
groups attached to the terminal carbon.  Functional groups can include COOH, OH, Cl, F, Br, 
OCH3, among others.  For 1-layer samples, this change of the terminal groups changes the 
surface energy and thus will have a different effect to the melting point.  For stacked samples, 
the interfaces will also be different.  It will be interesting to determine how these groups change 
the melting behavior of stacked lamella in terms of size-effect melting and odd/even effect.  A 
relationship between the polarity of the terminal group with the melting point may be observed. 
Layered lamella crystals of Ag with phenyl-based thiol can also be studied.  Dance has 
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synthesized these silver arenethiolates using the same solution synthesis method used for 
AgSCn. 
Continuing research on other lamellar systems such as alkanes and polyethylene is 
needed to generate a more accurate model for the melting of layered lamella.  Single layer 
lamella of both alkanes and polyethylene are of particular interest.  This will test the predictions 
made in this work that single layer alkanes will melt at a lower temperature than multilayer 
samples and will not exhibit the odd/even effect in the melting point.  Synthesis of purely single 
layer alkanes is difficult due to the low melting point.  However, works on the melting of self-
assembled monolayers on Au or Ag may provide insight in to the odd/even behavior of single 
layer alkanes. 
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APPENDIX A 
DEVICE FABRICATION: NANOCALORIMETRY SENSOR AND SELF-ALIGNED 
SHADOW MASK 
This chapter presents the details of the fabrication method for the nanocalorimetry sensor 
and the self-aligned shadow mask used during deposition.  This fabrication method uses standard 
microprocessing techniques (lithography, thin film deposition, etching, etc.). All 
microfabrication work is done at the Cornell Nanofabrication Facility (CNF) at Cornell 
University.  This chapter is a slightly modified version of the device fabrication section in a 
previous publication from our group.[1]   
A.1.  Nanocalorimetry Sensor 
A.1.1. Introduction 
Calorimetry is used to characterize the melting transition of silver-alkanethiolate (AgSR) 
lamellar crystals grown on inert surfaces and self-assembled monolayers (SAMs) grown on Ag 
thin films. However, thermal analysis of the samples with conventional DSC instruments is not 
possible, since the amount of sample is small (20 – 2000 nanogram) and the surfaces are critical 
for sample growth. Therefore, calorimetric measurement in this work is performed by using a 
nanocalorimetry technique which was developed by Allen et al.[2-4] The advantages of this 
technique include: (1) The high sensitivity (< 0.1 nJ/K) allows accurate measurement of samples 
in the nanogram scale, (2) The sensors provide flat and inert surfaces for direct growth of AgSR 
lamellar crystals, and (3) The fast scanning rate (15,000 – 200,000 ºC/s) prevents small AgSR 
crystals from ripening before melting. Figure A.1 shows schematics of nanocalorimetry 
sensors.[1-3] The sensors are fabricated on Si wafers, and consist of three main components: (1) 
Si frame with a window in the center; (2) low-residual-stress SiNx membrane which is free-
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standing in the window area and is supported by Si frame in the edges; (3) a 50-nm-thick metal 
strip patterned on top of the SiNx membrane. The metal strip works as a heater and a 
thermometer. Samples are prepared on the back side of the SiNx membrane and are aligned with 
the metal strip. The sample area is 2.85 mm
2
. 
The principle of the nanocalorimetry technique is described in detail in relevant 
publications.[2-4]  The following sections briefly introduce the fabrication, calibration and 
operation of the sensors. 
A.1.2.  Fabrication 
The nanocalorimetry sensors are fabricated on 4" (100) Si wafers (500 μm thick) 
following the procedures introduced in ref.[1]. Up to 68 sensors are fabricated in each Si wafer. 
The processing steps are illustrated in Figure A.2(a) and are briefly introduced below:  
(1) SiO2 and SiNx coating. The low-residual-stress silicon nitride (SiNx) is critical in the 
nanocalorimetry sensors, while the thermally grown silicon dioxide (SiO2) is optional. However, 
the SiO2 coating is suggested for the sensors used in this work, since it improves the accuracy of 
calibration as discussed later. Before the coating of SiO2 and SiNx, RCA cleaning is carried out 
on Si wafers. The Si wafers are then placed vertically in a tube furnace. About 100 nm of SiO2 is 
grown on both sides of the wafers in an ambient of water steam (H2O) and 2.5% hydrogen 
chloride (HCl) at 1000 ºC. Then 60 – 100 nm of SiNx layer is coated on top of SiO2 layers with 
low-pressure chemical vapor deposition (LPCVD) at an ambient of dichlorosilane (H2SiCl2) and 
ammonia (NH3) at 800 ºC.  
(2) 1st Photolithography – SiNx window patterning. Protective resist (FSC) is coated on 
the front side and edges of the wafers. The back side of the wafers is coated with Shipley 1813 
photoresist. MicroPrime P-20 primer is used before the photoresist coating for better adhesion. A 
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5× g-line (436 nm) stepper (GCA-6300) is then used to pattern windows on the photoresist in the 
backside of the wafers. 
(3) SiNx etching. The SiNx layer in the patterned window area is etched away by reactive 
ion etching (RIE) using fluoroform (CHF3) and oxygen (O2) to expose the Si substrate. 
(4) Si etching – KOH etch. The wafers are placed in 25 wt% potassium hydroxide (KOH) 
solution at 90 ºC to etch away Si and SiO2 in the patterned windows, since KOH has a high 
selectivity for silicon over silicon nitride.[4] KOH etches Si anisotropically. The etch rate on 
Si(100) plane is about 400 times faster than on Si(111) plane.[4] Therefore, the sidewalls of the 
etched windows have a 54.7° angle with the surface. This angle/slope is later used for the 
alignment between nanocalorimetry sensors and shadow masks during the deposition. After the 
KOH etch, transparent SiNx membranes are obtained in the patterned window areas. Sometimes 
it is also necessary to place the wafers in of 450 mL HNO3 : 225 mL H2O : 3 mL HF after KOH 
etch to completely remove residual Si pyramids on the SiNx membrane. 
(5) 2nd Photolithography – metal layer patterning. MicroPrime P-20 primer and Shipley 
1813 photoresist are sequentially coated on the front side of the wafers. The same 5× g-line (436 
nm) stepper (GCA-6300) is used for patterning. Image reversal technique is used after the 
patterning to reverse the tone of the photoresist so that an undercut profile is generated for 
successful lift-off. 
(6) Metallization.  Before metallization, O2 plasma ashing is applied to remove organic 
residue in the area where metal will stay. Then about 50 nm of metal films (Pt or Al) are 
deposited on the front side of the wafers via e-beam evaporation. For the Pt sensors, a Ti layer (3 
nm) is first deposited before Pt coating to improve adhesion. The base pressure of the deposition 
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chamber is 1×10-6 torr. Lift-off is performed after the deposition to obtain the designed metal 
pattern. 
A.1.3. Calibration 
Before the calorimetric measurement, each nanocalorimetry sensor is annealed, pulsed 
and calibrated.[5] All of the processing is done in a vacuum tube furnace. The base pressure of 
the vacuum tube is 1×10-8 torr. The three steps are briefly introduced below. 
(1) Thermal annealing. Nanocalorimetry sensors are thermally annealed at 450 ºC for 12 
hours in vacuum. The purpose of the annealing includes: (a) promote the grain growth in metal 
films; (b) release the residual stress in SiNx membranes; and (c) remove any possible organic 
residues on the surface. For the Pt sensors, the annealing temperature can be set higher. Sensors 
are thermally stable after the annealing step. 
(2) Electrical pulsing. Electrical current (50 – 100 mA) is pulsed through the metal strip 
of each nanocalorimetry sensor in vacuum at room temperature for 10,000 times. Each pulse 
lasts 6 – 20 ms, during which the temperature of the metal strip increases as a result of joule 
heating and little heat loss in vacuum. The temperature at the end of each pulsing is dependent on 
the intensity and length of the current as well as the electrical resistance of the metal strip. The 
typical end temperature is 350 – 450 ºC for Al sensors and 500 – 900 ºC for Pt sensors. There is 
a 1 s interval between each pulse allowing the metal strip to cool down to room temperature. 
Sensors are electrically stable after the pulsing step. 
(3) TCR Calibration. The temperature coefficient of resistance (TCR) of each 
nanocalorimetry sensor is calibrated by measuring the 4-point resistance of the metal strip as a 
function of temperature. The temperature is measured with a Pt resistance temperature detector 
(RTD). The uncertainty of the temperature measurement is less than 2 ºC. The TCR values are 
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obtained by making polynomial fitting on the raw data. One problem that affects the accuracy of 
calibration is the shunting of the Si substrate at elevated temperature (> 200 ºC), although the 
metal layer is isolated from Si frame by SiNx layer. One possible reason is that there are some 
pinholes in the SiNx layer which provide conducting channels for the electrical current. One 
solution is to have a SiO2 layer in between the Si substrate and the SiNx layer. Another solution is 
to choose the temperature range that is not affected by the shunting problem, typically 25–200 
ºC.  However, the calorimetric experiments require the temperature range from -196.15 ºC to 300 
ºC. Therefore, for the temperature outside the fitted range, extrapolation from the fitted TCR is 
made by assuming the same tendency as the TCR of bulk samples. 
A.1.4. Calorimetric measurement 
The calorimetric measurement is performed in vacuum (< 1×10-7 torr). Short (1.5 – 50ms) 
electrical current (10 – 100 mA) pulses are applied through the metal strip, with 1 – 2s interval. 
The temperature of the metal strip increases quickly (5,000 – 200,000 ºC/s) during the pulsing 
due to the joule heating and the low heat loss. The current I through the metal strip and the 
voltage V across it are measured as functions of time t. The consumed power during the pulsing 
is calculated as P(t)=I(t)V(t). The resistance of the metal strip is calculated as R(t)=V(t)/I(t) 
which is further used to calculate the temperature T(t) based on the TCR. Therefore, the heat 
capacity Cp(T) is calculated as: 
( ) ( ) ( )
( ( ))                                                                         (A.1)
( ) ( ) ( ) /
P
dQ t P t dt P t
C T t
dT t dT t dT t dt
    
Two measurements are performed on the nanocalorimetry sensor – one before the sample 
is prepared on the sensor and the other afterwards. The heat capacity obtained in the first 
measurement is the baseline (or thermal addendum) of the sensor and is subtracted from the one 
obtained in the second measurement to calculate the heat capacity of the sample. 
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To further improve the sensitivity of nanocalorimetry, a pair of sensors is used in each 
experiment to perform differential scanning calorimetry (DSC) – one is a blank sensor working 
as a reference sensor while the other has sample on it working as a sample sensor. Synchronized 
current is applied through both sensors. In addition to the current and voltage in both sensors, the 
differential voltage ΔV between the two sensors is also measured. Cp(T) of the sample is 
obtained in a similar way as in the non-differential mode but with more complicated calculation. 
A.2. Self-aligned Shadow Mask 
A.2.1. Introduction 
To conduct calorimetric measurement with nanocalorimetry sensors, samples are required 
to be aligned with the metal strip which is only 500 μm wide. If the sample is prepared via vapor 
deposition, then a shadow mask is necessary for the alignment. One simple solution is to use a 
flat metal sheet with a 500-μm-wide slit on it. The shadow mask is placed in tight contact with 
the Si frame. The separation distance between the SiNx membrane and the shadow mask is ~500 
μm. The slit is aligned with the metal strip via visual inspection. The misalignment is less than 
25 μm (5%) which fulfills most applications. However, this small misalignment can cause 
artifacts in some cases where accurate alignment is critical. For example, in the deposition of Ag 
thin films this misalignment may cause the formation of Ag clusters on the surface. 
For a better alignment, MEMS-based self-aligned shadow mask is used. Selfaligned 
shadow mask is developed by Allen et al. and is designed for nanocalorimetry sensors as shown 
in Figure A.3a.[5] The shadow mask is fabricated on 4" (100) Si wafers (700 μm thick). Figure 
A.3b and A.3c show SEM micrographs of the front and back side of the shadow mask. The 
openings in both the front and back sides are etched by KOH. Therefore, the sidewalls of the 
openings have a 54.7° angle with the surface which is the same as in the case of nanocalorimetry 
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sensor. During the operation, a sensor is placed on top of a shadow mask as shown in Figure 
A.3a.  No external alignment is required as the two devices are self-aligned with each other due 
to the same slope of the sidewalls of both devices. Two parameters of the self-aligned shadow 
mask are critical to the sample preparation: (1) the separation distance between the sensor 
membrane and the shadow mask; (2) the width of the central slit. The separation distance is 
determined by the front side design – the width of the central plateau and the depth of the 
opening. Smaller separation distance reduces the spreading of samples during the deposition and 
is better for restricting samples in the aligned area. A typical separation distance is 25 – 50 μm. 
The width of the central slit is determined by the back-side design – the width of the opening. 
The slit (475 μm wide) is designed to be a little narrower than the metal strip on the sensor which 
is 500 μm wide. 
A.2.2. Fabrication 
The fabrication procedures are introduced in detail in ref.[6]. The processing steps are 
illustrated in Figure A.2(b) and are briefly introduced below. The techniques used in several 
steps are similar to those in the fabrication of nanocalorimetry sensors.  
(1) SiNx coating. RCA cleaning is first carried out on the wafers before the coating. About 
100 nm of low-residual-stress silicon nitride (SiNx) layer is coated on both sides of the wafers. 
Low-pressure chemical vapor deposition (LPCVD) is used with an ambient of dichlorosilane 
(H2SiCl2) and ammonia (NH3) at 800 ºC. 
(2) 1st Photolithography – SiNx opening patterning on back side. Protective resist (FSC) 
is coated on the front side and edges of the wafers. The back side of the wafers is coated with 
Shipley 1813 photoresist. MicroPrime P-20 primer is used before the photoresist coating for 
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better adhesion. A 1× contact aligner (EV620) is then used to pattern openings on the photoresist 
on the back side of the wafers. 
(3) SiNx etching – back side openings. The SiNx layer in the patterned opening area is 
etched away by reactive ion etching (RIE) using fluoroform (CHF3) and oxygen (O2) to expose 
the Si substrate. 
(4) Si etching – KOH etch on back side. The wafers are placed in 25 wt% KOH solution 
at 90 ºC to etch away Si in the patterned openings. The resulting sidewalls have a 54.7° angle 
with the surface due to the high selectivity of KOH etch on the (100) crystal plane over the (111) 
plane. The etching is stopped when the depth of the opening reaches a certain value. This value 
is equal to the difference between the final depth of the back-side and top-side openings. 
(5) 2nd Photolithography – SiNx opening patterning on back side. Protective resist (FSC) 
is coated on the back side and edges of the wafers. The front side of the wafers is coated with 
Shipley 1813 photoresist. MicroPrime P-20 primer is used before the photoresist coating for 
better adhesion. The 1× contact aligner (EV620) is used again to pattern openings on the 
photoresist on the front side of the wafers. 
(6) SiNx etching – front side openings. The SiNx layer in the patterned opening area is 
etched away by reactive ion etching (RIE) using fluoroform (CHF3) and oxygen (O2) to expose 
the Si substrate. 
(7) Si etching – KOH etch on both sides. The wafers are placed again in the 25 wt% KOH 
solution at 90 ºC to etch Si in the patterned openings on both sides. The sidewalls of the openings 
on both sides have an angle of 54.7° angle with the basal surfaces. The etching is stopped when a 
transparent SiNx membrane is obtained in the central slit. However, the SiNx membrane is 
removed with a mechanical method before each shadow mask is used. 
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A.4. Figures 
 
 
 
Figure A.1. Schematics of nanocalorimetry sensors (not to scale). (a) A top view showing the 
current direction and voltage measurement. (b) A cross sectional view showing 
the alignment of sample and metal strip. (c) A bottom view showing the 
measurement of silver-alkanethiolate (AgSR) crystals. 
  
(a) 
(b) 
(c) 
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Figure A.2. Fabrication processes of (a) nanocalorimetry sensors, and (b) self-aligned shadow 
masks. 
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Figure A.3. (a) Schematic showing the cross section of a nanocalorimetry sensor (top) aligned 
with a shadow mask (bottom). SEM micrographs of part of a shadow mask: (b) 
the front side and (c) the back side. 
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APPENDIX B 
DERIVATION OF THE PHENOMENOLOGICAL MODEL 
This chapter presents the details of the derivation of the relationship of Tm with the chain 
length (n) and the number of layers (m) discussed in Chapter 5.   
We start with the definition of the total molar enthalpy and entropy of the system given 
below in Equations B.1 and B.2.  Based on the schematic in Figure 5.1, the total enthalpy and 
entropy is the sum of the contributions from each component of the structure: the CH2 chains, the 
interfaces, surfaces and the central plane. 
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At the phase transition the Gibb’s free energy is zero and thus the transition temperature 
can be expressed as: 
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We use a Taylor series expansion of Tm,n around (1/n) = 0.  We keep only the terms up to 
the 1
st
 order.  The expansion is given below: 
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Going back to the original variables, the Taylor expansion becomes: 
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energies of the interface, surface and central plane as follows:
We also use: 
The final form of the expression of T :
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